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2 7 F F P  m
To John, Hilary, Audrey & Leo
r u o j d i  E o l v t o v
‘Know Thyself ’
Inscribed on the temple of Apollo in Delphi.
‘Sing to me of the man, Muse, the 
man of twists and turns 
driven time and again off course, 
once he had plundered 
the hallowed heights of Troy.
Many cities of men he saw and 
learned their minds, 
many pains he suffered, heartsick 
on the open sea, 
fighting to save his life and bring 
his comrades home
— Book I, ‘The Odyssey’ by Homer 
(translated by R. Fagle).
Abstract
A time domain terahertz spectrometer and a bolometer have been used to study 
the coherent THz radiation emitted from n- and p-type In As surfaces illuminated 
by femtosecond near infrared pulses. The magnetic field enhancement of the emit­
ted average power in different polarisations and experimental geometries has been 
studied and is in qualitative agreement with the predictions of a Drude-Lorentz 
model for the radiation emitted by surface photocurrents. The dependence of 
the emitted radiation on the sample temperature, the sample doping density and 
type and the power density of the excitation beam has been studied. The emit­
ted average power was found to decrease rapidly with increasing n-type doping, 
particularly above doping densities of ~1018 cm-3. A calibrated Golay cell was 
used to measure the absolute average power emitted under the different condi­
tions, and the peak average power was measured to be 30/xW for an excitation 
beam of 1*2 W average power at 765 nm, and for a sample with a carrier density 
of l*7xl015 cm-3 at 10 K and under the influence of a magnetic field of 5T.
A report of InAs having been used as a source of coherent THz radiation for ultrar 
fast spectroscopy, to probe optically excited cyclotron resonance in high resistiv­
ity silicon is presented. The masses of the carriers calculated from the cyclotron 
resonance measurements were found to be m± =  0 • 19me and m\\ =  0 • 90me. 
The temperature dependence of the cyclotron resonance was measured over the 
range 5 K to 80 K, and a peak is found at ~30 K which can be explained in terms 
of ionised and neutral impurity scattering at temperatures below 30 K and by 
phonon scattering above 30 K.
The measurement of small amplitude ferromagnetic resonance oscillations in the 
time domain in thin films of permalloy(78), iron and cobalt has been achieved 
by using the time resolved magneto-optic Kerr effect. A stripline device was 
fabricated to provide an out of plane broadband magnetic pulse with a peak 
strength of ~ 50e. The observed frequencies axe shown to agree well with the 
established theory.
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Chapter 1
Introduction
The far infrared, or terahertz (THz), range of the electromagnetic spectrum is of 
great importance for the study of materials due to the large number of physical 
processes in this range. Initially, Fourier transform spectroscopy was the most 
popular technique to study the far-infrared spectrum. More recently however, the 
development of time domain terahertz spectroscopy has reinvigorated the field of 
far infrared (FIR) spectroscopy. The time domain spectrometer consists of many 
parts, but is essentially an extension of the work by Hertz on sparkgap dipole 
transmitters and receivers [1]. A modern development of Hertzian dipoles is the 
use of microfabricated, dipole antennae bridged by ultrafast photoconducting 
switches. These photoswitches were first developed by Auston et al. [2] and are 
commonly referred to as Auston switches.
The use of the microfabricated transmitter and receiver allows measurements 
to be made with sub-picosecond time resolution, and a sensitivity to average 
powers of ^20 aW at room temperature. In addition, the detection is coher­
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ent in that a measurement of the electric field amplitude and the phase can be 
made. The FIR properties of systems as wide ranging as semiconductors [3], 
dielectrics [3], superconductors [4], liquids, gases [5] and flames [6] have been in­
vestigated by time domain THz spectroscopy. Recent applications have been 
directed towards the study of coherent wavepacket dynamics in atoms and con­
densed matter [7], phonons[8], plasmons[9], cyclotron resonance [10], THz Hall 
measurements [11], scattering problems [12], intermolecular interactions [13] and 
plasma diagnostics [14]. The use of time domain THz spectroscopy has also been 
applied to medical tomography [15], in particular the imaging of teeth [16].
The development of ultrafast millimetre and sub-millimetre wave measurements 
began in 1981 with the realisation of photoconductive materials with sub­
picosecond carrier recombination times [17]. This allowed the fabrication of pho­
toconductive devices with switching speeds of a few picoseconds [18], and mi- 
crostriplines down which the signals can propagate [19]. The research in this area 
was motivated by its potential as a tool for physical studies of the intrinsic physics 
of the building blocks of THz frequency systems such as switches, microstriplines 
and antennae [20, 21, 22].
Picosecond electrical pulses are commonly used to probe fast electrical circuits [23] 
but their propagation along the interconnects leads to distortion and attenuation 
of the pulse. To preserve the broad frequency content, Auston constructed photo- 
conductive dipole antennae, excited by femtosecond visible or near infrared laser 
pulses in order to radiate the electric field pulses into free space in the form of 
THz beams [2]. To detect the radiated transients, a portion of the beam was 
delayed in time relative to the initial pulse and used to sample the free space 
transients by gating a similar photoconductive dipole connected to a current am­
2
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plifier. The current, which is proportional to the detected electric field, was then 
recorded as a function of the delay between the pump and gate pulses. The 
freely propagating transient technique is inherently time domain and the final 
result of an experiment is the optoelectronically reconstructed time-domain sig­
nal [24]. Fourier analysis can be performed to convert the recorded traces to the 
frequency domain. This technique opened the way to THz transmission spec­
troscopy, and in a series of papers Fattinger and Grischkowsky [25] describe a 
range of improvements to the method culminating in a spectroscopic capability 
with an unrivalled sensitivity over the frequency range 0-1-3 THz.
In addition to the optoelectronic devices described above, co-development of 
purely optical THz radiation generation and detection techniques took place using 
electro-optic crystals. By utilising the process of optical mixing, an optical pulse 
travelling through an EO (electro-optic) crystal will create an associated second 
order polarisation wave. If the optical pulse is temporally short (picosecond or 
less), then the time-varying polarisation wave will radiate significant components 
in the THz frequency range [26, 27]. In order for the difference wave that is gen­
erated along the path of the pulse in the crystal to interfere constructively, the 
material must be either phase matched or short compared with the difference 
wavelength [28]. All optical detection can be achieved by measuring the polar­
isation rotation of a time delayed probe beam caused by the electric field of a 
THz transient passing through an EO crystal [26]. In order to optimise the time 
resolution the probe beam must pass through the EO crystal, colinearly with the 
transient. A recent report by Han et al. [29] discusses the differences between ter­
ahertz time domain spectroscopy and far infrared Fourier transform spectroscopy, 
and concludes that for frequencies <3 THz, the maximum sensitivity of the time 
domain system is generally six orders of magnitude better.
3
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Some of the reports on the emission of THz radiation from InAs surfaces have 
used EO detection, i.e. all optical, rather than the optoelectric photoconduct­
ing switches. The dipole and all optical devices each offer their own advantages 
and disadvantages, and different combinations can be chosen to fulfill particular 
requirements. The dipole receivers are more sensitive than the EO crystals, but 
have a narrower bandwidth [30]. In addition, the dipole receivers are exceptionally 
stable, well matched to the dipole transmitter bandwidth and are not unduly sen­
sitive to laser noise. The maximum bandwidth of the dipole receiver has recently 
been explored and a bandwidth of up to 20 THz has been reported [31, 32]. This 
improvement is due to the reduction in laser pulse duration to 12 fs. Bolometers 
can also be used to measure the radiation, but due to the response time, which 
is much greater than the temporal width of the THz transient, interferometric 
techniques must be used to recover frequency information.
The need to generate and detect broad-band THz radiation of sufficient brightness 
has lead to the investigation of different types of emitter [33, 34]. The illumination 
of bare semiconductor surfaces by ultrafast optical pulses to generate THz radi­
ation has been reported over a number of years [35, 36] and the use of fabricated 
heterostructures to enhance the emitted radiation has been reported. The princi­
ple mechanism for the generation of the radiation is similar to the Auston switch 
in as much as the surface electric field that exists in some semiconductors acts to 
accelerate the photoexcited carriers [37]. Recently, a large magnetic field enhance­
ment of the generation of THz radiation in InAs samples has been reported [38]. 
An average emitted power of 650 /iW from InAs surfaces in a magnetic field of 
1-7 T at room temperature and with a near infrared average pump power of 1-5 W 
was claimed. Given that this value is easily more than twenty times the typical 
average power that can be generated by a photogated transmitter, it has sparked
4
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a great deal of interest in using InAs, and other semiconductors, as coherent THz 
sources.
As well as the electric field transient, the transmitters produce a magnetic field 
field transient, and by coupling this transient into free-space Riordan et al. per­
formed an experiment based on the magneto-optic sampling of the magnetic field 
transient, by using a magneto-optic sensor [39]. For the time-resolved MOKE 
(magneto-optic Kerr effect) studies presented here, the magnetic field pulse as­
sociated with the transient current [40] in the stripline was used as a broadband 
magnetic driving field [41] to perturb the magnetisation of ferromagnetic thin 
films. A GaAs photoconductive switch similar in design to that used in the THz 
transmitters, was used in the construction of the time domain MOKE device. 
The initial work by Freeman et al. was concerned with the investigation of the 
spin lattice relaxation time in gold [42]. This was then followed by the measure­
ments of ferromagnetic resonances in thin film permalloy [43]. Similar work by 
Hicken et al. [44, 45, 46] was performed on thin films of iron. Freeman et al. 
then went further and constructed an ultrafast Kerr microscope which has been 
used to study the magnetisation dynamics of micron scale elements of thin film 
permalloy [47]. Subsequently a theoretical description of some of the dynamics 
of precessional magnetisations was presented by He et al [48] and extended by 
Zhang and Hubner[49]. Crawford et al. have recently shown that the coher­
ent control of precessional dynamics in thin film permalloy can be achieved [50]. 
A more extensive discussion of the MOKE and the techniques used is given in 
Chapter 5.
Included within the work presented in this thesis is the study of the generation of 
THz electromagnetic radiation by the ultrafast optical excitation of InAs surfaces,
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and the subsequent enhancement of the emitted radiation by the application of 
high strength magnetic fields. In Chapter 3 initially the average THz power that 
is generated is discussed in terms of the results obtained by using a Golay cell, 
and the average power of the emitted THz radiation is discussed in terms of a 
Drude-Lorentz model. Qualitative agreement is found for the more lightly doped 
n-type samples. The results of the magnetic field dependence of the emitted 
electric field transient detected by a dipole receiver are presented, and a model 
based on the coherent emission by bulk plasma oscillations is discussed.
Chapter 2 describes the way in which the TDTS operates and gives detailed 
descriptions of the most important components, such as the generation of the 
ultrashort optical pulses, the THz optics and the dipole receiver used to de­
tect coherently the THz radiation. The THz frequency radiation generated in 
InAs was then used as a novel source of coherent THz radiation to perform sub­
picosecond resolution time domain spectroscopy on optically excited cyclotron 
resonance in high resistivity silicon, as described in Chapter 4.
Chapter 5 describes the way in which an optical pump probe measurement tech­
nique was used to generate short duration broad-band magnetic fields and how 
the time resolved magneto-optic Kerr effect (MOKE) was used to detect small 
amplitude ferromagnetic resonances in different ferromagnetic materials.
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Chapter 2 
Experimental Apparatus and 
Samples
In this chapter the time domain Terahertz spectrometer (TDTS) is described. 
The initial description is given in terms of the operation of the TDTS with a 
co-planar stripline (CPS) transmitter and dipole antenna receiver. This has been 
done so that the operation of the TDTS is more easily understood, and because 
this configuration was used to optimise the system before the introduction of 
the InAs samples and the subsequent investigation of the generation of THz 
radiation by the illumination of InAs surfaces by femtosecond laser pulses. Use 
of the measurement system with the InAs samples is described later in Chapter 3.
Section 2.2 describes in detail the characteristics of the different InAs samples 
investigated and some of the non-standard semiconductor processing techniques 
that have been used during the course of this study.
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2.1 Experimental System: The TDTS
THz frequency electromagnetic radiation was initially generated and detected 
with the use of a Time Domain Terahertz Spectrometer [1] shown in Figure 2.1. 
The TDTS in its entirety comprises two distinct parts: The first stage involves 
the production of ultrafast optical pulses and the second part is concerned with 
the generation and detection of the THz electromagnetic radiation.
2.1.1 Generation of Ultrashort Optical Pulses
At the heart of the system is a Spectra Physics ‘Tsunami’ titanium doped sapphire 
laser (Ti:sapphire). The Tiisapphire laser is mode locked [2] and has a broad 
tuning range of 750-840 nm under the normal operating conditions outlined in this 
thesis, but a wider tuning range of 680 to 1100 nm is obtainable by changing the 
cavity mirrors. More importantly for the production of ultrafast optical pulses, 
the Ti:sapphire crystal has a large gain bandwidth product, which results in good 
relative intensities for the spectrum of frequencies required for use in this work. 
The Ti:sapphire is a self mode-locked laser and is capable of producing pulses of 
temporal width 70 £s at FWHM (full width half maximum) at a repetition rate 
of 82 MHz.
2.1.2 M ode-Locking
Mode-locking can be defined as the fundamental process of operation that induces 
all of the longitudinal modes of a laser cavity to oscillate with a fixed-phase
14




















Self mode-locked Tiisapphire laser
FIGURE 2.1: Schematic showing the time-domain terahertz spectrometer config­
ured for use with the CPS transmitter and the dipole receiver.
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relation (usually zero) between them [2]. In fact two distinct types of mode- 
locking exist, ‘passive mode-locking’ and ‘active mode-locking’, and the Tsunami 
Tiisapphire uses both methods to generate the ultrashort pulses.
Passive mode-locking is observed in a Tiisapphire laser in the form of self mode- 
locking, sometimes referred to as Kerr lens mode-locking, so that as the laser 
beam travels through the Tiisapphire crystal it is subject to self-focusing due to 
the non-linear refractive index of the Tiisapphire crystal itself [3] as is described 
below by Equation 2.1. Self-focusing is an induced lens effect and results from 
the distortion of the wavefront inflicted on the beam by itself whilst traversing 
the non-linear medium of refractive index n  such that to the E  2 term,
n — n0 +  An(\E\2) (2.1)
where An(\E\2) is the optical field induced refractive index change; if An is 
positive, then the central, and necessarily more intense, part of the the beam will 
experience a larger refractive index and hence travel with a slower velocity than 
the less intense edge of the beam. Consequently, as the beam travels through the 
medium, the original wave is progressively distorted, and this distortion is similar 
to that imposed on the beam by a positive lens, hence the beam appears to focus 
by itself. A beam with a finite cross-section should also diffract, and only when 
the action of the self-focusing is stronger than the diffraction effect will the beam 
self-focus. Therefore, once the laser has begun mode-locking it will continue to 
do so (self-mode-locking).
As a crude explanation, self-focusing is proportional to A n(|E |2), whilst diffrac­
tion is inversely proportional to the square of the beam radius, therefore as the 
beam radius shrinks on self-focusing, both the self-focusing and the diffraction
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effects become stronger. If the increase of the latter action is more rapid than 
the former, then diffraction will overcome the self-focusing when the beam has 
reached some minimum cross-section. However, in many cases the field induced 
refractive index can be approximated by A n  =  n2 \E? \ , where n2 is a constant. 
Then, because \E\ is inversely proportional to the beam radius, the self-focusing 
is always stronger than diffraction; if it is so initially. The beam may continue to 
self-focus until some other optical effect takes plaice and terminates the process. 
This self-focusing causes an amplitude modulation of the beam and this in turn 
incites a process known as saturable absorption in the crystal, which then helps 
to produce the pulses on the femtosecond scale. Pulse narrowing to the femtosec­
ond scale takes place because the central intense portion of the pulse is able to 
saturate the absorber so that the loss in the cavity for this section of the pulse is 
less than the gain. Thus this portion experiences a nette gain whilst the wings 
of the pulse are attenuated by the absorber.
Active mode-locking in the Tsunami Tiisapphire laser is achieved using an 
acousto-optic modulator (AOM) in the laser cavity. The AOM is driven by a low 
power r.f. source and serves to provide acoustic waves at a repetition frequency 
equal to the inverse of the round trip time of the cavity itself. The mode-locking 
is deemed active because a fraction of the beam is deflected onto a photodiode, 
which in turn detects changes in the laser output and a feedback loop is created 
by changing the r.f. frequency applied to the AOM.
Using these two methods, light pulses on the scale of ~  70 fs can be produced by 
a Tiisapphire laser. However, it is clear that as the laser beam is directed around 
a complex optical system, then the broad bandwidth pulses will be affected by 
the dispersive effects of the dielectric media present in the optical components.
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These dielectric materials have a wavelength dependence which can be described 
by the Sellmeier equation [4],
o j4A2
n  +  ( 2 2 )
Where A  and A0 are the Sellmeier coefficients and are material constants.
A temporally short light pulse exhibits a necessarily wide spectral bandwidth, and 
so the wavelength dependent index of refraction will cause the different spectral 
components to travel at different rates in the dielectric media. This is known as 
group velocity dispersion (GVD), and effectively means a spreading of the pulse 
in time. The group velocity of a pulse propagating in a dielectric medium can be 
expressed as,
vn = dudk









which in turn shows a dispersion
dt/» ... dt/a do; _  l d 2u  d2ra(A) . .
do; dfc d& vg dk2 dA2
For d2n(A)/dA2 ^  0 the velocity differs for the different frequency components. 
The case d2n(A)/dA2 > 0 is known as positive GVD (also referred to as positive 
chirp), the lower frequency components travel at a faster rate than the higher
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frequency components, i.e. red leads blue; the reverse is known as negative GVD 
(negative chirp).
It can be shown then that an optical pulse of temporal width 70 fs, at FWHM, 
exiting the laser will not have the same duration at the end of the optical path. 
To overcome this problem, dispersion compensation is placed in the system as is 
shown in the schematic of the TDTS system in Figure 2.1.
2.1.3 D ispersion Com pensation
Dispersion compensation can be achieved using a pair of prisms, fabricated from 
the material known as SF6. As was shown previously in Equation 2.2, by virtue 
of the wavelength dependence of the refractive index the refraction in the prisms 
causes the path length for the longer wavelengths to be greater. The pulse is 
initially refracted through the tip of the first prism and split spatially into its 
spectral components before being refracted through the tip of the second prism. 
The second prism directs the recollimated beam onto a mirror, which in turn 
reflects the fight back through virtually the same path. With the differing path 
lengths for the different spectral components, the prism pair imparts a negative 
chirp on the pulse to compensate for the positive chirp that will be imparted by 
the remaining optics, and the prism pair itself. This is shown schematically in 
Figure 2.2,
A spectrum analyser was used when adjusting the laser for mode-locking to give 
a qualitative impression on the duration of the pulses. However, if a quantitative 
analysis of the pulse duration was sought then an autocorrelator was used.
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F ig u r e  2.2: Schematic to show the arrangement of the prism pair to compensate 
for the group velocity dispersion in the optical system
The autocorrelation method relies on two principles. The first being the inter­
action of light pulses with a non-linear medium to give rise to second harmonic 
generation (SHG). The second being the production of relative time delays from 
the different path lengths experienced by the optical pulses incident on the non­
linear medium. In this case, the non-linear medium used was a KDP (Potassium- 
Dihydrogen Phosphate) crystal in the co-linear arrangement, which is sometimes 
referred to as interferometric autocorrelation.
To measure the temporal width of the fight pulse, the laser beam is split so that 
the two beams incident on the KDP crystal are of equal intensity. One of the 
beams is directed via a scanning delay fine to enable the relative path lengths of 
the pulses to be changed. When the relative delay between the two co-incident 
beams is zero, then the beams are aligned spatially and temporally within the 
crystal. When this criterion is satisfied, and the phase matching condition is met, 
then the second harmonic pulse is generated as a function of the two incident 
optical pulses.
The autocorrelation signal is a measurement of the intensity of the generated 
second harmonic radiation, as a function of the relative delays between the two
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co-incident optical beams. This is shown in Equation 2.6, where E0(t) is the 
envelope of the optical pulse of frequency u, and <j>{t) is the time-dependent 
phase. The autocorrelation signal is a measurement of the intensity of the second 
harmonic pulse, which is proportional to the square of the sum of the electric 
fields of the incident optical pulses.
oo
l o t  J  \(E0(t)ei{“t+ m > +  E0(t -  r)ei(“(^ T)+^ (<- T)))2|2dt (2.6)
— OO
The shape of the light pulses produced by the Ti:sapphire laser is generally as­
sumed to have a sech2 profile, and according to Sala et al. [5], if the measured 
signal is of the form Z =  sech2(t/T ), then the pulse width At/ is related to the 
real pulse width A t  by the ratio,
A t—  = 0.6482 (2.7)A t' v 1
where At/ is the full width at half maximum (FWHM) of the autocorrelation 
envelope.
2.1.4 Generation and Coherent D etection  o f THz 
Transients
To further assist in the understanding of the TDTS, a brief description of the 
transmitting and receiving antennae is given in the following sections. To ensure 
that the TDTS is optimised and performing consistently between experiments,
i
the system is always initially tested using the CPS transmitter as the THz rar 
diation source. Two distinctly different methods were used to detect the THz
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F i g u r e  2.3: Schematic showing the CPS transmitter (top) and dipole receiver
(bottom) structures
radiation, coherent and non-coherent detection, which are described later in more 
detail. The coherent detection was achieved by use of the dipole receiver, two 
different devices having been used, one fabricated on silicon on oxide on silicon, 
the other was a new generation of dipole receiver fabricated on oxygen ion im­
planted GaAs. The second, non-coherent, detection technique involved the use 
of a bolometer called a Golay cell, which was used to determine the absolute av­
erage radiated power. The structures of the transmitter and receiver are shown 
in Figure 2.3
Coplanar Stripline T ransm itter
The transmitter consists of a photoconducting coplanar stripline (CPS) structure 
as shown in Figure 2.3, fabricated by the thermal evaporation of a 10 nm titanium 
layer followed by a >  150 nm gold layer (Ti:Au) onto a SI-GaAs (semi-insulating
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gallium arsenide) substrate. The stripline geometry consists of a pair of 25 mm 
long 10 /xm wide strips, separated by a gap of 50 fim. The high resistivity (g > 
107 Q cm) of SI-GaAs allows a bias voltage of ~  60 V to be applied between the 
stripline tracks. This design of transmitter was found by Katzenellenbogen and 
Grischkowsky [6] to radiate faster and more powerfully than the original devices 
constructed on silicon by Auston[7]. The Tiisapphire laser output is focused via 
a plano-convex cylindrical lens placed in front of a x 20 microscope objective lens 
resulting in a focal region of ~  100 /im x 5/xm. It was found that focusing the 
excitation beam close to the anode of the CPS transmitter lead to a stronger 
THz emission. This can be partly attributed to a geometrical enhancement of 
the electrostatic field, and the presence of traps in SI-GaAs[8] and the different 
mobilities of electrons and holes[9]. In fact modelling of a similar structure [8] 
has indicated that when biased above the Ohmic regime, the applied potential is 
dropped within ~5 /im of the anode, with the field increasing by about an order 
of magnitude in the last 1 /im.
The typical average power used to illuminate the transmitter is ~  30 mW, beyond 
which the radiated THz amplitude begins to saturate and there is an increased 
risk of device damage. The incident photon energy, typically 1.64 eV, is greater 
in energy than the band gap of GaAs (E^GaAs) =  1.42 eV), hence the incident 
radiation creates electron-hole pairs within the illuminated area, and within a 
few microns of the surface. These electron-hole pairs then accelerate until they 
reach drift velocity. Cumulative screening effects do not pose a problem as the 
carriers recombine or travel the whole length of the track separation on a time 
scale shorter than the Tiisapphire repetition period, ~  10 ns [10].
From Maxwell’s equations, the transient current, j ( t ) , that is created at the
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surface has an associated transient electric field as described by Equation 2.9, 
where N (t) is the number of carriers, v(t) is the average velocity and e is the 
charge on the electron.
(2 .«
During the time of illumination, this equation is dominated by the dN /d t term, 
which is the displacement current term. Post illumination, the photogenerated 
carriers continue to accelerate in the applied field until they reach drift velocity 
or the field is screened by the spatial separation of the electrons and holes. Using 
such a model, Keiding et al. [11] have successfully reproduced the qualitative 
shapes of THz transients from biased coplanar striplines. Due to the mismatch 
of the refractive indices of GaAs and air and the direction of acceleration, most 
of the THz radiation that is generated is preferentially emitted into the GaAs 
substrate [11], which is transparent at these low THz frequencies. At the back 
surface of the GaAs substrate, the THz radiation is subsequently collected and 
partially collimated by a high resistivity hyper-hemispherical silicon lens, which 
is separated from the back of the GaAs substrate by a thin layer of paraffin 
oil to reduce losses by reflection at the interface. The silicon lens is not in a 
fixed position but is held in place by a spring and can be freely translated over 
the surface of the GaAs substrate by the use of micrometers; the presence of the 
paraffin oil also assisting in this. The hyper-hemispherical lens and the subsequent 
THz optics required to collect and steer the THz beam are described in more 
detail in §2.1.6
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The Dipole Receiver
The structure of the receiver is shown in Figure 2.3. Two types of receiver were 
used in the course of this work, the first was the SiOSi (silicon on oxide on silicon) 
receiver, the other being of similar electrode design, but on a substrate of oxygen 
ion implanted GaAs.
The SiOSi receiver consists of a 1-05 fim polycrystalline silicon layer grown by 
chemical vapour deposition on a thermally grown 0*6 fim  thick silicon dioxide 
(SiC>2 ) layer, itself grown on a high resistivity (g > l-4kf2cm), 1mm thick, (111) 
silicon substrate. The silicon epilayer is then ion implanted to increase the carrier 
trapping rate [12] by increasing the defect density — thus achieving a very short 
carrier lifetime. The carrier lifetime was measured by time dependent reflectivity, 
and for an oxygen ion irradiation dose of 1015 cm-2, the lifetime was found to be 
550±50fs[l].
On this ion damaged Si epilayer, a pair of Ti:Au tracks was deposited by thermal 
evaporation, to form the structure shown in Figure 2.3. No annealing of these 
tracks is required as the ion implantation results in a good ohmic contact to the 
epilayer because of the presence of defect states created by the ion implantation. 
At the centre of each track an antenna stub extends towards the opposing track to 
form a 5 fim  gap. The silicon not directly surrounding this region, was removed by 
reactive ion etching in a SF6:02 plasma [10]. This process is undertaken to reduce 
the Johnson noise of the receiver by minimising the inter-track resistance [10]. 
Finally, an anti-reflection coating of a A/4 layer of Si02 was sputtered on to the 
surface to maximise the gating power, and to provide a little protection for the 
device.
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The method of fabrication of the antenna structure on the GaAs substrate is the 
same as that described above for the SOS device.
The receiver gating beam is focused to a ~ 5 /im  spot in the centre of the gap 
between the receiver stubs, and the laser power is limited to ~  20 mW to avoid 
thermal damage to the receiver [11]. The 5/im gap between the antenna stubs 
presents an impedance of 100 kf2 in the absence of the gating beam, but reduces to 
a resistance of the order of 0-1Q when illuminated. Hence when the electric field 
transient is temporally and spatially co-incident with the optical gating beam at 
the receiver, then a current flows that is proportional to the amplitude of the 
instantaneous field. A low noise current amplifier with a bandwidth of 8 kHz 
at a gain of 108V/A then converts this current to a voltage. The important 
point to note here is that the current that is detected in the receiver is directly 
proportional to the amplitude of the instantaneous THz electric field, so that 
phase information about the transient is obtained. This is why the detection 
technique is coherent.
The current and therefore the electric field of the transient is measured as a 
function of the relative delay between the source and receiver exciting pulses, 
and thus the transient is resolved temporally on a sub-picosecond time scale with 
a rapidly scanned delay line and can be observed in real time on an oscilloscope. 
The relative delay can be varied up to a maximum of 150 ps at frequencies up to 
10 Hz by the use of a rapid scanning delay line (rapid SDL). Typically 200 full 
scans of the THz transient were performed, thus improving the signal to noise 
ratio (SNR) by a factor of 14, if the noise is assumed to be random. The carrier 
lifetime has been measured [1] to be ~  550 fs, and it is this lifetime that acts as 
one of the limitations of the system.
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F i g u r e  2.4: THz transient emitted by line focus excitation of GaAs CPS trans­
mitter and detected by a 10 f i m  dipole receiver. The inset shows the associated 
frequency spectrum of the transient, obtained by performing a FFT.
A critical factor to take into account when using any receiver is the noise level. In 
the absence of laser illumination, the SiOSi device exhibits noise of 10 fA /y/Hz 
in the region 100 Hz to 10 kHz, compares with the illuminated receiver noise level 
of ^lOOfA/v^Hz. The ‘dark noise’ is dominated by thermal (Johnson) noise; 
however, when illuminated it is the laser noise that dominates.
The ‘sensitivity’ of the receiver can be determined by replacing it with a bolometer 
and measuring the power, which is proportional to the square of the current in 
the receiver. In this way a value for the sensitivity of the SiOSi receiver was 
determined to be 10 /lA W-1/2; a factor of two error is estimated in this value due 
to the accuracy of the calibration of the bolometer. This value is in agreement 
with the estimate of van Exter and Grischkowsky [10] of 15 /xAW-1 2^, despite the
27
C H A PTER  2. EXPERIM ENTAL A PPA R A TU S A N D  SAM PLES
use of different THz optics and receiver design.
Figure 2.4 shows a THz transient emitted from a GaAs CPS transmitter, detected 
with the 10 /zm SiOSi dipole receiver. This result shows a typical pulse shape, 
although the overall detected amplitude is much larger them normally used, due 
to the increase in the excitation power to 170 mW.
2.1.5 The Golay Cell
As well as using the dipole receiver to detect the amplitude of the electric field 
transient, a Golay cell, a room temperature bolometer, was used to detect the 
absolute power emitted by the InAs. The dipole antenna receiver was replaced 
by the Golay cell, whilst ensuring that the aperture of the Golay cell was posi­
tioned to be as close as possible to the original position of the silicon lens. The 
aperture of the Golay cell is a 3-5 mm diameter diamond window, whereas the 
high resistivity silicon lens has a radius 4-75 mm. The large detection bandwidth 
of the Golay cell is due to the fact that it measures the absorption of radiation 
by an absorber which in turn heats a gas in a closed capsule. The rise in pressure 
causes an expansion of a flexible membrane upon which a mirror is situated, see 
Figure 2.5. The displacement of this mirror due to the expansion of the gas is 
monitored by observing the deflection of a reference light beam.
The Golay cell was carefully calibrated by use of a filtered black body source [13], 
a CO2 laser [14] and a HeNe laser. The Golay cell detects the input power, 
not the electric field of incident electromagnetic radiation. Thus to eliminate 
background radiation noise, the calibration beam, and the optical pump beam 
in the experiments, was modulated. The Golay cell has a very low temporal
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F i g u r e  2.5: Schematic showing the internal components of a typical Golay cell.
resolution, the bandwidth is 20 Hz, and so a modulation frequency of 19 Hz was 
used. The sensitivity found when using the black body source, was found to 
be 12kVW _1, which was also the result found when the calibration using the 
HeNe laser was performed. In the case of the CO2 laser calibration, the beam 
width of the CO2 laser was found to be larger than the diameter of the aperture 
of the Golay cell, and so the Golay cell was scanned across the beam in the 
horizontal plane at several vertical positions. By de-convolving the beam profile 
with the Golay cell aperture, the fraction of the laser beam that entered the cell 
was obtained, the sensitivity was subsequently found to be 9kVW _1.
As well as the calibration factor for the Golay cell, some of the THz radiation 
emitted by the InAs samples is lost due to the cryostat windows and a filter cover­
ing the aperture of the Golay cell. By using the CPS transmitter, the loss due to
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the cryostat has been measured, and the transmission of the windows calculated 
to be 50% for the THz frequencies studied. The collection efficiency of the Golay 
cell has been calculated to be 20% and the transmission coefficient of the filter 
for these frequencies has been measured to be 88%. Hence an overall calibration 
factor of l-056mV//iW is used to determine the absolute power detected by the 
Golay cell.
2.1.6 The THz Optics
As the THz radiation from a source excited by a small optical excitation beam will 
necessarily be strongly divergent, there is a need to collect and focus the radiation 
from the transmitter or InAs sample — and similarly focus the THz onto the 
antenna stubs of the receiver. To this end, there is a hyper-hemispherical high 
resistivity silicon lens mounted on the backside of the transmitter and receiver. 
High resistivity silicon was chosen due to its low dispersion and absorption in the 
relevant part of the electromagnetic spectrum [15], although for the transmitter, 
there is a slight refractive index mismatch at the GaAs/Si interface.
The lens design is such that, when ignoring diffraction effects, the radiation from 
the transmitter is focused when the antenna is located at a distance H  from the 
tip of the lens, where H  is given by,
H  = (2.9)
71— 1
where n  is the refractive index of silicon, and R  =  4.75 mm the radius of the lens. 
Any radiation at incident angles larger than 17° to the lens-air interface surface
30






F i g u r e  2.6: The hyper-hemispherical high resistivity silicon lens structure, as 
mounted on the reverse of the CPS transmitter and dipole receiver.
normal are lost due to total internal reflection,this angle therefore determines the 
width of the THz exit pupil [15].
Upon exiting the silicon lens, the THz beam converges to a point ~30 mm from 
the the lens and approximately 115 mm in front of the first off-axis parabolic 
mirror (OAPM), in the focal plane. The beam is then directed through a wire grid 
polariser, with an extinction ratio of 1:10, to select the p-polarised component. 
A second OAPM of focal length 250 mm, is present and displaced from the first 
by the sum of their focal lengths to ensure that all the frequency components are 
focused as well as possible at the same point [11]. The THz beam is then focused 
to a spot of ~6m m  at FWHM (Full Width Half Maximum), at the centre of the 
cryostat sample space. The far infra-red (FIR) cold windows which separate the 
helium cooled sample space from the outer vacuum jacket are made from high 
resistivity silicon to minimise absorption and dispersion of the THz transients, 
the silicon windows are 2 mm thick and thus any reflections from the interfaces are 
delayed by ~46 ps relative to the main transient. Sealing the vacuum chamber 
are windows made from 32 fim thick Mylar which has a lower refractive index 
than silicon, and thus the loss of the THz radiation by reflection is a smaller 
effect than in silicon. A similar set of optics on the exit of the cryostat guides
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the THz beam to the dipole receiver.
To optimise the receiver sensitivity and bandwidth, the silicon lens situated on 
the back of the receiver is manouevered across the surface to change the coupling 
of the THz radiation into the receiver; the position of the incident optical exci­
tation beam on the dipole is also changed. The SNR and bandwidth is critically 
dependent on both of these actions.
To perform experiments using the InAs samples as the source for the THz radiar 
tion, the transmitter pump beam was redirected through optical access windows 
of the cryostat via a focusing lens of focal length 25 cm such that the spot size at 
the sample surface, 27 cm away, was 1-2 mm2. Access to the sample space is via 
a pair of fused silica windows situated at the front of the cryostat. To enable the 
emitted radiation to be collected and measured, the sample is oriented such that 
the surface is at 45° to both the input optical windows, and the exit windows in 
most experiments. In some experiments, however, a specially designed attach­
ment was used that allowed the sample to be placed with the surface normal 
parallel or perpendicular to the magnetic field, whilst still retaining the 45° angle 
to the incident light. This attachment is shown in plan view for the different 
geometries in Figure 2.7.
As well as observing reflections from the optics as mentioned above, reflections are 
observed from the back surface of the more transparent samples. The reflections 
are typically seen about 10 ps after the main transient for samples of thickness 
~500 /im. To counter this problem, a thick substrate of equal refractive index to 
the test sample was occasionally contacted to the back surface of the sample, by 
the use of paraffin oil. The metal sample holder itself was modified to eliminate 
reflections by drilling a ~1 cm hole, over which the samples were mounted.
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(a) (b)
F i g u r e  2.7: The sample stick attachment to allow the THz emission to be 
measured with the electric field and applied magnetic field (a) perpendicular or
(b )  parallel to one another.
2.2 Sam ples
The InAs samples investigated were both n- and p-type and covered a large range 
of carrier concentrations. The majority of the samples that have been examined in 
this study were grown by molecular beam epitaxy (MBE) at Imperial College [16]. 
These samples all have a sample designation beginning with IC and have SI-GaAs 
substrates, and are of varying epilayer thicknesses, as is shown in Table 2.1. The 
carrier concentration and mobilities were determined by the Hall measurement 
technique, and the measured values confirmed by far infra-red photoconductivity 
measurements. The difficulty in measuring the characteristics of bulk charge 
carriers has been discussed [17], in terms of the surface accumulation layer that 
exists in InAs.
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Sam ple M ajority  C arrier C arrie r D ensity Sam ple Thickness
IC106 electron l-7 x l0 15 cm-3 4 fim  epilayer
BK1 electron 2-Ox 1016 cm“3 bulk sample
IC196 electron l-9 x l0 16cm“3 4 fim  epilayer
IC311 electron 1-Ox 1017 cm"3 5 fim  epilayer
IC301 electron 7-5 xlO17 cm-3 4 fim  epilayer
IC317 electron 5-Ox 1018 cm"3 5 fim  epilayer
IC127 electron 4-Ox 1019 cm-3 5 fim  epilayer
DRA-18 hole 5-Ox 1018 cm-3 bulk sample
IC233 hole 5-5xl018cm“3 5 fim epilayer
IAS 1064 hole 2-Ox 1017 cm"3 5 fim epilayer
C1721 electron 3-Ox 1017 cm"3 ~7000 A epilayer
RMB1154 SI-GaAs ~1014 cm-3 p-i-n structure
Table 2.1: Sample descriptions and characteristics.
The sample C1721 was grown by MBE by E.H. Linfield at The Cavendish Lab­
oratory, Cambridge University. The structure of this sample is discussed further 
in §2.2.1
2.2.1 ELO Technique
The epitaxial lift-off (ELO) technique consists of cleaving a small chip (approxi­
mately 5 mm x 5 mm) of the wafer and subsequently cleaning it using the standard 
process of consecutive immersions in trichloroethane, acetone and isopropylalco- 
hol (IPA). The chip was then placed on a hot plate and heated up to a  tempera­
ture of 125°C; upon reaching the required temperature, the surface was covered, 
as much as possible, by ApiezonW black wax. This wax has a melting point 
of approximately 120°C and slowly deforms to form a smooth ‘dome’ structure
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FIGURE 2.8: Sequential graphic showing the process steps involved in making an 
epitaxial lift-off structure, (a) The epitaxial lift-off sample; (b) the deposition of 
the wax and nylon handling wire; (c) etch of the epilayer to expose clean AlSb 
surface; (d ) undercut of InAs by etching of AlAs in 10% HF; (e) lift-off of epilayer 
and wax; (f) positioning of the epilayer onto the host substrate, pre-spun with 
SU8-5; (g) immersion in chloroform to remove wax; (h) final sample.
as shown in Figure 2.8. A short piece of nylon wire 5 mm) was deposited 
onto the wax to allow easy handling of the epilayer once it had lifted-off the 
substrate. The black wax was then allowed to cool — in so doing the surface 
of the wax cools at a different rate than the interior, resulting in the formation 
of a relatively large surface tension. The dilute HF solution preferentially etches 
the AlAs ‘sacrificial layer’ whilst the surface tension in the wax provides enough 
tension to help prevent the epilayer from binding to the GaAs substrate by van 
der Waals’ bonding or otherwise. In effect the wax ‘peels’ the epilayer away from 
the substrate as the sacrificial layer is etched away. Prior to immersing the struc­
ture in the selective HF etch, so as to expose a clean, and hence a more readily
ApiezonW wax
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etched surface of AlAs, the sample was immersed in an agitated non-selective 
etch solution of composition HC1:H202:H20 in the ratio 1:12:48 (by volume) for 
10-15 minutes at 20°C. The sample was subsequently rinsed in de-ionised (DI) 
water and immersed in the selective etch solution HF:H20:3M-1, at 20°C, in the 
ratio 20:179:1 (by volume), until the epilayer had lifted off. The anti-foaming 
agent (3M-1) is present in the solution so as to prevent the etch products from 
forming gas bubbles. This is an important issue [18] because the formation of gas 
bubbles slows the etch rate by preventing fresh etchant from gaining access to 
the exposed AlAs surface in the ‘etch channel’; and in fact the pressure caused by 
the formation of bubbles can be sufficient to crack the epilayer during lift-off [19], 
thus rendering it useless. The etch takes approximately 8-10 hours, but can be 
accelerated by an order of magnitude [20] by lowering the temperature of the etch 
solution towards 0°C, which also helps to prevent the formation of gas bubbles 
in the ‘etch channel’.
Once the epilayer has lifted-off from the substrate, then the epilayer and wax 
structure can be manipulated by using a set of tweezers to grasp the nylon wire. 
Rather than remove the sample from the etchant and allow the dust particles rest­
ing, under surface tension, at the surface of the liquid, to deposit themselves on 
the freshly exposed InAs surface; the sample is manipulated into a polytetrafluo- 
roethalene (PTFE) ‘basket’ and lifted out of the solution, whilst still under liquid. 
By removing the sample in this manner, and immersing in DI water, the sample 
is never exposed to atmosphere, and never has to cross the surface of a liquid and 
be exposed to the dust particles held there.
The sample is then manouevered onto a sapphire substrate [21] that has had 
a thin, <l/zm , layer of SU-8[22] photoresist spun onto it. SU-8 is a positive
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photoresist and so when it is exposed to ultraviolet light the chemical composition 
is changed such that if it is baked at over 100°C then it forms a hard film. By 
spinning the SU-8 on to the sample at >  6500 r. p. m. a thin film of SU-8 of less 
than 1 fim  in thickness is achievable.
A PTFE press, imparting a pressure of 1.5 dynes per square millimeter, is lowered 
onto the waxed surface of the epilayer as the water is drained away. With the 
press still in place, the sample is then allowed to dry and any remaining water 
left to evaporate. The capillary action of the water leaving the space between 
the host-substrate and epilayer also helps to form a good contact between the 
host-substrate and the epilayer, by applying a force opposite in direction to the 
tension provided by the wax [23].
Once the sample is free of water, the press is carefully removed and the sample 
is exposed to intense UV-light. Thus the SU-8 positive photoresist is chemically 
altered and after a short bake at approximately 60° C, to remove the solvents from 
the now exposed photoresist, the epilayer is firmly bonded to the host-substrate.
ApiezonW wax is soluble in chloroform — whereas the exposed SU-8 is not — 
and thus the whole sample is immersed in warm, 55° C, chloroform until the wax 
has been completely dissolved, leaving a clean surface of InAs.
The C1720 material was processed by this method to provide a sample of suf­
ficiently small thickness that a transmission measurement at a wavelength of 
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Chapter 3
THz Emission from InAs
Zhang et al. reported the first observation of the generation of optically induced 
ultrafast electromagnetic radiation with terahertz bandwidth, from bare semi­
conductor surfaces and interfaces [1, 2]. A large selection of bulk, epitaxial and 
superlattice samples from III-V, II-VI and group-IV semiconductors were then 
investigated [3], but not InAs. The largest average powers were found to be gener­
ated in materials that have surface regions of high electric field due to the pinning 
of the Fermi level by mid-gap surface states, which gives rise to surface accumu­
lation or depletion layers. The illumination of these semiconductor surfaces by 
femtosecond optical pulses excites transient photocurrents [3] which can result in 
the emission of THz radiation. Additionally, by the illumination of some semicon­
ductors surfaces with high power optical beams, optical rectification can result 
in the emission of THz radiation. The effect of the application of magnetic and 
electric fields on the emission of the THz electromagnetic radiation from GaAs 
p-i-n structures was subsequently reported by Zhang et al. [4, 5]. It was shown 
that by the application of a magnetic field, the polarity of the transient could be
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switched by changing the polarity of the magnetic field, and that the emission 
could be enhanced. The geometry of the experiment was such that the optical 
pulse was normal to the surface of the samples and the emitted THz radiation 
was measured by a detector mounted along this axis behind the sample. The 
enhancement of the emission was found to depend on the magnetic field strength 
and was found to be linear for applied fields less than 0-1T and super linear for 
stronger fields up to the maximum observed field of ~0-5 T.
Recent reports of the generation of high average power THz radiation from InAs 
surfaces subject to large magnetic fields and excited by near infrared radiation 
have generated a lot of interest. Initially, Sarukura et al. [6, 7] claimed to have 
measured, by a bolometric technique, 650 fiW  average power THz radiation from 
an undoped (2x l016cm-3) bulk InAs sample at room temperature and 1-7 T, by 
excitation with 1-5 W average power near infrared radiation. A separate report by 
McLaughlin et al. [8] claimed to have measured, also by a bolometric technique, 
a lower average power of only 12 /iW from a similar InAs sample at 8T  and 
170 K with an average near infrared excitation power of 0-14W. In both these 
reports, the frequency spectrum of the emitted THz radiation was also measured, 
but was contaminated by absorption due to water vapour; Sarukura et al. having 
used a polarising Michelson interferometer and McLaughlin et al. an electro-optic 
sampling technique (EOS). The bandwidth of the technique used by Sarukura et 
al. was larger than that of the EOS technique used by McLaughlin et al.> but the 
bandwidth of the emission was observed to be about the same.
Meinart et al. [9] proposed a theory for the THz emission from optically excited 
semiconductors in crossed electric and magnetic fields in terms of Bloch equa­
tions. However, the model did not predict the enhancement of the emission by
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the application of a magnetic field, because the experimental geometry and op­
tical effects were not included. A report by Weiss et al. [10], did include the 
optical effects and the magnetic field enhancement was predicted, and gave rel­
atively good agreement at fields <1T. The magnetic field enhancement of the 
THz radiation from a range of semiconductors including InAs, InP, GaSb and 
InSb was also studied by Weiss et al. [11] and although the largest magnetic field 
enhancement factor was found for InSb, the largest overall emission was found to 
come from InAs.
Potential applications for the use of InAs as a source of coherent THz radia­
tion have been discussed [12, 13], but it has been concluded that the powers that 
are generated at room temperature and with magnetic fields <1T  compare un­
favourably with those generated by a biased stripline at room temperature and 
with no need for the application of a magnetic field. The optical excitation of 
the surface of InAs by 1-55 fim wavelength femtosecond laser pulses has also been 
investigated [14] due to the wide use of this wavelength in optical fibre commu­
nications.
The purpose of the work presented here was to investigate the emission of THz 
frequency electromagnetic radiation from InAs surfaces subject to different con­
ditions, and to use both time domain and bolometric detection techniques in the 
form of a photoconductive antenna and a Golay cell respectively. The results 
presented attempt to clarify some aspects of the emission mechanism and verify 
the average emitted THz power that can be obtained from bare InAs surfaces. A 
comparison of this power with that generated by a biased stripline source is also 
made.
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3.1 Experim ental Techniques
The use of the TDTS has been described in Chapter 2, hence only a brief discus­
sion is given here in terms of the study of InAs. Before an InAs sample is used as 
the source for the coherent THz radiation, the CPS transmitter is used together 
with the dipole receiver to optimise the TDTS in the experimental configuration 
shown in Figure 2.1. The optimisation procedure is also described in Chapter 
2, and is iteratively performed to give a large current (~15nA) in the receiver, 
but more importantly to give a large bandwidth. The bandwidth discussed in 
this thesis is thus defined as the upper frequency at which the amplitude of the 
detected frequency spectrum drops to one tenth of the maximum (i.e. 10-2 in 
power), and will be referred to as /o-i- Typically, an fo.i bandwidth of 3-2THz 
can be achieved with the TDTS, as shown in the insert of Figure 2.4.
Once the optimisation of the TDTS has been performed, the optical beam inci­
dent on the CPS transmitter is redirected by a removable mirror, via a focusing 
lens, through the front optical access window of the cryostat. The focusing lens 
has a focal length of 25 cm and was situated 29 cm from the cryostat window, thus 
at 37-5 cm from the sample at the centre of the cryostat insert. Figure 3.1 shows 
how the TDTS in this configuration differs from the standard operating geometry 
in Figure 2.1. The sample was arranged in the cryostat as described in §2.1.6, 
and the point of illumination of the sample and the sample angle were adjusted 
to achieve a large peak to peak signal and /0.i bandwidth. The usual conditions 
for the pump beam incident on the sample resulted in a measured average power 
of 360 mW at a wavelength of 765 nm, hence a pulse energy of ~4-5 nJ.
The detected amplitude of the THz transient emitted from the more heavily
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F i g u r e  3 .1 :  The TDTS experimental configuration to detect the THz radiation 
emitted from the surface of an InAs sample.
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FIGURE 3.2: The experimental geometry to detect the average THz power emit­
ted from the surface of an InAs sample by using a Golay cell.
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doped InAs samples was significantly smaller than that observed for the lightly 
doped samples. Therefore, to improve the signal to noise ratio (SNR), an acousto- 
optic modulator (AOM) was introduced into the pump beam, operating at a 
frequency of 6*043 kHz, with a modulation depth of 90%. A lock-in amplifier 
(LIA) was used to measure the modulated signal detected by the receiver, and 
the output from the LIA fed into an averaging oscilloscope. The LIA was used 
with a line filter and with a time constant of 300 /is or 1 ms, depending on the 
scan length and rate of the rapid scanning delay line (SDL).
When bolometric measurements were made with the Golay cell, the system was 
initially set up so that a good peak to peak signal was detected by the receiver. 
The Golay cell was then inserted in place of the receiver, and a mechanical chop­
per modulating the beam at 20 Hz was inserted in the beam path prior to the 
focusing lens; neither the AOM nor the SDL were used with the Golay cell. Figure
3.2 shows the experimental system when the Golay cell was used.
3.2 Properties o f Indium Arsenide
When a semiconductor surface or interface is illuminated by an ultrafast laser 
pulse with photon energy greater than that of the band gap of the semiconductor, 
electron-hole pairs axe created in the material within the absorption depth of the 
incident radiation. If there is a static electric field at the surface or interface, the 
free carriers are driven by the static field and accelerate along the field direction 
and produce a transient photocurrent. One of the largest average powers of THz 
radiation is generated in InAs, which is due in part to the presence of a large 
electric field found at the surface because of the presence of occupied surface
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states which pin the Fermi level above the conduction band minimum[15], The 
Fermi level has been observed to lie up to ~0-l eV above the conduction band 
minimum on simple oxidised InAs surfaces[16, 17]; although it has been observed 
to lie up to ~0-6eV above the conduction band minimum when metal alkali 
adatoms are introduced to the surface instead of oxygen [18]. The downward 
band bending leads to the formation of accumulation and inversion layers at the 
surface of n-type and p-type InAs respectively which give rise to relatively large 
electric fields of the order of 10 kV cm- 1  [19].
The surface accumulation layer is similar to a two-dimensional electron gas 
(2 DEG) [2 0 ], and is ~ 1 0 0  A from the surface and one thermal wavelength [2 1 ], or 
80 A wide [2 2 ], with a sheet carrier density of ~ 1 0 12 cm- 2  [23]. Figure 3.3 shows 
the results of a calculation of the carrier density close to the surface region for 
two different n-type InAs samples with doping concentrations of 1015 cm- 3  and 
1 0 18 cm- 3  and for a p-type sample with a bulk carrier concentration of 1 0 18 cm-3. 
As can be seen, the carrier density in the surface accumulation layer is relatively 
independent of the carrier concentration of the bulk charge carriers, and the mar 
jority carrier type. The calculation assumes a surface state pinning energy of 0*3 
eV and takes into account the effects of quantum confinement as discussed by 
Lachenmann et al. [24]. The calculated value of ~ 3 x l0 12 cm- 2  sheet density, is 
supported by the measured values reported in the literature, and by some of the 
results in this thesis. The density of the free carriers in the surface accumulation 
layer has been observed to be independent of temperature down to ~10 K [25, 26]. 
The properties of the electrons in the surface accumulation layer differ from those 
of the electrons in the bulk [27, 28]. The electron mobility of nominally undoped 
(~ 2 x l 0 1 6 cm-3) bulk n-type InAs has been measured to be 1 0 5 cm2 V- 1 s- 1  or 
more, whereas in the surface accumulation layer it has been determined to be
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FIGURE 3.3: Carrier concentration dependence of the density of the surface 
accumulation layer in two n-type and one p-type samples. The dashed lines 
denote the energy range over which the surface bound states exist.
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typically less than 104 cm2 V- 1  s- 1  [29]. The pinning of the Fermi level at the 
surface and the associated band-bending increases the electron effective mass in 
the surface accumulation layer to ~0-06mc because of the effects of band non- 
parabolicity. The bulk electron effective mass has been determined [30] to be 
0-023mc at the conduction band minimum.
Some optical properties of InAs were measured because of the existence of this 
surface accumulation layer, and the lack of information in the literature concern­
ing the effects it may have. The absorption depth of near infrared radiation was 
measured along with the angle dependent reflectivity to determine that the sam­
ples would behave as expected. To measure the high frequency characteristics 
of the surface accumulation region, the frequency dependent reflectivity of THz 
radiation was also measured, by using the CPS transmitter as a source of THz 
radiation.
The absorption depth of near infrared radiation was measured using a sub-micron 
n-InAs epilayer, with a carrier concentration of ~ 2 x l 0 16 cm-3, mounted on a sap­
phire substrate as described in §2.2.1. The transmission of the radiation was mea­
sured through the epilayer and sapphire substrate, and then compared with the 
transmission through the sapphire substrate alone. The absorption coefficient of 
the InAs sample at room temperature was found to be (2-50±0-25) x 1 0 5 cm- 1  for 
a photon energy of 1*62 eV, which matches relatively well the values given in the 
literature [31]. The absorption depth is small, as can be seen by making a compar­
ison with GaAs, which has an absorption coefficient of 2*0 xlO4 cm- 1  at the same 
photon energy. The determination of the absorption coefficient of InAs is an im­
portant result, because it shows that the majority of the photoexcited carriers are 
created in a thin sheet well within the region of the surface accumulation layer.
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F ig u r e  3.4: The measured absorption as a function of the angle of incidence of 
the light for the sample BK1 (n -2x l016cm-3).
The angle dependent reflectivity of the near infrared radiation was measured at a 
wavelength of 765 nm for the incident radiation p-polarised relative to the plane of 
incidence, on the nominally undoped sample designated as BK1 (see Table 2.1). 
The minimum reflectivity is expected at Brewster’s angle, =  tan~l (n8/n0) 
where the refractive index of undoped n-InAs na =  3-7 [32] find nD is the refractive 
index of air. For these values, Brewster’s angle is ds  =  75°, which corresponds 
to the measured reflectivity shown in Figure 3.4.
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3.2.1 R eflectivity o f THz Radiation
To measure the high frequency reflectivity of InAs samples, THz radiation was 
reflected from the surface of the samples and detected by the receiver; the CPS 
transmitter was used as the source for the THz radiation. The InAs samples 
were placed in the path of the THz radiation and the reflected beam from the 
surface collected and directed on to the dipole receiver in the usual manner. 
The Fourier components associated with the measured THz transient were then 
determined by performing a FFT on the recorded traces. The reflected frequency 
spectra were referenced to the spectra obtained by reflection of the THz beam 
from separate gold mirrors, which were the same sizes as the individual InAs 
samples investigated. The reflectivity of the mirrors was measured before and 
after each sample and the results normalised to this average reference. Two n- 
type (IC106 and BK1 ) and two p-type (IAS1064 and DRA18) InAs samples were 
investigated, and the results are compared with those predicted by calculations 
based on a Drude model, which is shown in Figure 3.5. There is relatively good 
qualitative agreement between the model and the experimental data.
The features seen at 0*15 THz and 1-8 THz for the samples IC106 and BK1 re­
spectively can be explained in terms of absorption of the THz radiation by bulk 
plasma oscillations. The frequency of the plasmons, up can be described by the 
equation
(3.1)
where N  is the density of free carriers, £ is the high frequency dielectric constant, 
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F i g u r e  3.5: A comparison of the ( a )  a calculation based on the Drude model 
and (b) the measured reflectivity of THz radiation by differently doped InAs
samples.
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it is possible to calculate the density of the carriers associated with the plasma 
oscillations. In this case the carrier concentrations are found to be 1-OxlO14 cm- 3  
and 1-3 xlO 16 cm- 3  for IC106 and BK1 respectively. If these values are compared 
with those in Table 2.1, relatively good agreement is found for the BK1 sample 
but IC106 has been measured by a Hall technique to have a carrier concentration 
an order of magnitude larger [33].
It is an important point to make that no plasmons are observed for the p-type 
samples. This is not unexpected, as the light hole plasmon frequency that is gen­
erated in each sample is 55 THz and 10 THz for DRA18 and IAS1064 respectively, 
and both these frequencies are beyond the detection bandwidth of the receiver. 
This also holds true for the more heavily doped n-type samples, such as IC311 
which has a carrier concentration of l*0 x l 0 1 7 cm-3, and thus a bulk plasmon 
frequency of 31 THz.
3.2.2 Sample Characteristics
The physical reason for the large transient currents that give rise to the large 
amplitude electric fields that are radiated from InAs surfaces is the presence of 
the surface states which ultimately, by the band-bending, give rise to the large 
surface accumulation electric fields. It is thought the surface states arise through 
the same mechanism that pins energy levels at 300-500 meV above the conduction 
band minimum at InAs/GaAs interfaces [34].
Dislocations at a surface or interface in InAs affect the local conductivity in 
several ways, and any dangling bonds can produce amphoteric native defects [35]. 
To investigate whether samples grown by MBE (molecular beam epitaxy) or bulk
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growth techniques differ, samples prepared by each method, but with nominally 
the same doping density, were studied (see Table 2.1). The surface finish on a CZ 
wafer (grown by the Czochralski method) is achieved by mechanical polishing, 
which is in contrast to MBE growth where no mechanical polishing of the surface 
after fabrication is required. The different processes and the effect on the surface 
states in (100) n-InAs has been explored in the literature [36]. Indeed, according 
to Olsson et al. [19] the strain from the InAs-GaAs interface mismatch extends 
up to 2 - 3  /im into the InAs epilayer. The differences between a polished wafer 
and an MBE grown wafer in terms of the surface states, find hence in this case 
the surface electric field, are unknown. The samples IC196 and BK1  were studied 
both with the Golay cell and the receiver, and only slight differences were found in 
the signals, which could be attributed to experimental error and slight differences 
in properties of the samples.
To investigate further the effect of the surface states on the THz emission, two 
samples of BK1 were etched in a solution of HC1:H2 0 2 :H2 0  in the ratio 1:12:48 
for 1 0  minutes to remove the surface oxides [37] and a few hundred Angstroms 
of the InAs from the surface. One of the samples was subsequently rinsed in DI 
water, the other having been immersed in a solution of (NH4 )2S that acts as a 
passivating solution [38]. The solution prevents the formation of surface oxides, 
particularly on InAs, by the formation of a mono-layer of InS instead of InO. 
Both these samples, however, exhibited the same behaviour as the untreated 
BK1  sample.
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3.3 M agnetic Field Enhancement o f the THz 
Radiation Emission from InAs Surfaces
The initial experiments to measure the emitted THz radiation from InAs surfaces, 
were performed with the Golay cell to determine the absolute average powers 
generated by the different InAs samples under a range of different experimental 
conditions. Subsequently the dipole receiver was used to study the THz transients 
and the results compared with the measurements made with the Golay cell.
Both the Golay cell and the dipole receiver were used within one metre of the 
centre of the split coil superconducting magnet, and so they were tested for a 
magnetic field dependence. In the case of the Golay cell, a HeNe laser was 
placed up to two metres away from the magnet, and the light directed through 
the aperture of the Golay cell, which was situated in its usual position. The 
magnetic field was increased to a maximum of 7T in IT  steps, and the output 
of the Golay cell recorded. A small magnetic field dependence was discovered 
above 6 T; the effect being a decrease in the signed between 6 T and 7T  of the 
order of 1 0 % due to the action of the stray field on the thermionic valve used in 
the construction of the Golay cell. This effect is corrected for in the data. No 
significant stray magnetic field dependence was found for the receiver, which was 
tested by using the TDTS in transmission mode with the CPS transmitter.
Most of the InAs samples investigated consisted of ~4/xm thick InAs epilayers on 
GaAs substrates, and as such the component of the THz radiation that is emitted 
into the bulk of the samples tends to be reflected from the back interface and 
is observed in the time domain as a transient delayed temporally relative to the 
main initial transient. For the most lightly doped samples the amplitude of this
56
C H A PTER  3. THZ EMISSION FRO M  IN AS
reflection is comparable with amplitude of the main transient. To try to reduce 
the effect of this reflection, a thick, ~5 mm, GaAs substrate was placed in optical 
contact with the back surface and the sample mounted over a hole in the sample 
stick.
3.3.1 Bolom etric D etection of the E m itted  Average THz 
Power
In this thesis, s-polarised light is defined as light where the electric field is per­
pendicular to the plane of incidence of the incident radiation; hence p-polarised 
is defined as that polarisation where the electric field is in the plane of incidence.
The initial experiments on the InAs samples were performed to determine the 
temperature dependence of the magnetic field enhancement of the emitted radi­
ation. This was performed because it was thought that the signal might increase 
with decreasing temperature, as the mobility of the carriers increased [39], and 
to investigate the unexpected results of the temperature dependence of the emit­
ted THz radiation presented by McLaughlin et al. [40], which were contrary to 
those reported by Ohtake et al. [41] and Kono et al. [42]. McLaughlin et al. had 
performed their initial work at 175 K, and Sarukura et al. at room temperature. 
However, one of the initial reports by Zhang et al. on severed different semi­
conductor materials had shown a significant increase in the emitted power with 
decreasing temperature [5].
The magnetic field applied to the samples was ramped from 0  to 7T and a value 
for the average power emitted was recorded every 0-5 T  in both the s- and p- 
polarisations of the emitted radiation. The temperature was then decreased from
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F i g u r e  3.6: The average THz power emitted in the s-polarisation (top) and the 
p-polarisation (bottom) as a function of both sample temperature and applied 
magnetic field for the sample IC106 with an average optical pump power density
of 15 W cm-2, at 765 nm.
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F ig u r e  3.7: The temperature dependence of the measured average THz power 
(dots) from IC106 compared with the mobility [29] (solid line).
300 K to 10 K and the same procedure performed every ~50 K. Figure 3.6 shows 
the measured average power as a function of applied magnetic field and sample 
temperature of IC106 for both the s- and p-polarisations. The power output is 
seen to increase with decreasing sample temperature, and Figure 3.7 shows the 
temperature dependence of the measured power at a range of magnetic fields 
compared with the temperature dependence of the electron mobility, measured 
by Wang et al. [29].
Although a similar temperature dependent trend was observed for the samples 
designated as BK1 and IAS 1064, which are n-type and p-type InAs respectively, 
the greatest power was observed for the sample with the highest mobility, that 
of IC106, with an average power of ~5-5//W  in the s-polarised component and
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~3-5 fiW  in the p-polarised component. Both BK1  and IAS1064 showed lower 
power levels in both polarisations, as is seen in Figure 3.8 which shows the aver­
age power as a function of magnetic field at a sample temperature of 10 K. It is 
interesting to note that the detected power levels saturate in all of these samples 
at high magnetic field strengths, which is contrary to the measurements reported 
by McLaughlin et al. However, the observation of the saturation is supported 
by a more recent report by Sarukura et al. [43], in which even the double peak 
structure is observed in the s-polarised component of the magnetic field depen­
dent emission of a sample with similar carrier concentration to the sample BK1. 
IC106, BK1 and IAS1064 are the only InAs samples that were investigated using 
bolometric detection. This is because the range of samples that were available 
for measurement at the time did not include the ‘mid-range’ n-type samples and 
the signals from the more heavily doped samples were too weak to be measured 
by the Golay cell.
3.3.2 B allistic M odel
The qualitative shapes of the magnetic field dependent measurements and an 
approximate upper limit for the average power generated, can be discussed prin­
cipally in terms of the acceleration of electrons and light holes in the region of 
the surface accumulation layer. The strong electric field in this region provides 
sufficient force on the charge carriers to account for the average powers that are 
observed. In the model presented in this section, the electric field is assumed 
to be constant, with negligible screening effects due to the free carriers already 
present in the sample. The electrons and holes created during the time interval 
of the laser pulse, ~70 fs, are accelerated due to the action of the electric and 
magnetic fields on them, leading to a time varying current, such that the current
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F i g u r e  3.8: The average THz power emitted in the s-polarisation (dashed) and 
the p-polarisation (solid) by BK1 (top) and IAS 1064 (bottom) as a function of 
applied magnetic field, at 10 K. An average near infrared pump power density of 
15 W cm-2 was used at a wavelength of 765 nm.
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density j  can be defined as,
j(t) =  - N g v  (3.2)
where any diffusive contribution has been neglected. This is a common and con­
venient approximation [44], although it is more difficult to justify in this context 
due to the high density and energies of the photoexcited carriers. In the above 
equation N  is the density of free carriers and v is the carrier velocity, averaged 
over the carrier distribution.
The current derivative is calculated as a function of time, taking into account the 
screening of the electric field due to the spatial separation of the photogenerated 
electrons and holes, in a manner similar to that described by Jepsen et al. [45] 
for a biased stripline antenna.
dj Ar dv dN
d T ^ d t + d < 3'3)
The time dependence of the free carrier density is given by Equation 3.4 below, 
such that the photo-excited carriers are able to contribute to the photocurrent for 
a time rc, defined as the ‘capture time’, until they enter a region of low electric 
field, or collide with the surface.
- t t  =  - — +g( t )  (3-4)dr Tn
The term g(t) is the generation rate of free carriers by the laser pulse, which is 
described using a sech2 pulse of width 80 fs [46].
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For a semiconductor in crossed electric and magnetic fields, the Drude-Lorentz 
model can be used to describe the time dependence of the average velocity [4 7 ], 
using a phenomenological conductivity scattering time, ra, to describe the effect 
of all intrar and inter-valley scattering processes for the dominant charge carrier,
charge carrier and E is the effective electric field acting in the region of the charge 
carriers, such that
In Equation 3.6, Es is the surface accumulation electric field, e is the high fre­
quency dielectric constant, P gc is the space-charge polarisation created by the 
photocarriers separating spatially in the field and tj  is a phenomenological con­
stant describing the size of this screening effect. The screening parameter is unity 
in the case of carriers being created in an infinitesimally thin layer, but larger if 
the electron and hole charges overlap on picosecond time scales, as described by 
Jepsen et al. [45]. This parameter is needed because the spatial distribution of the 
carriers is not explicitly taken into account in the model. The polarisation term 
Pgc in Equation 3.6 provides a restoring force which leads to plasma oscillations 
of a frequency described previously in Equation 3.1. These oscillations have been 
observed in the InAs samples and an example is presented later in §3.4. The time 
dependence of the space-charge polarisation can be represented by,
(3.5)
where B is the applied magnetic field, m* is the effective mass of the dominant
E(t) =  E , -  ^ 2 ^T)e (3.6)
d t  Tr
(3.7)
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where rr is the recombination time for the dominant charge carrier and is much 
longer than t c or ra [45].
By inserting Equation 3.6 into Equation 3.5 and taking the time derivative, then 
Equation 3.7 can be used to obtain the following second order differential equa­
tion,
2 ,p_
d£2 t 9 dt r) m*
d2v 1  dv e
  + ----77 +  - E-----— P -  +  ( | x b ) ]  , , 8 ,SC7]£Tr
where the up is defined as the angular plasma frequency in Equation 3.1. The 
radiated electric field is proportional to the carrier acceleration, dv/dt, given in 
Equation 3.8, and so by solving the coupled Equations 3.7 and 3.8 together with 
Equations 3.2 and 3.4, then the radiated THz pulse can be calculated.
If the current density j  is known, then it is possible to calculate the average power 
emitted in a direction a 2 by taking a time varying current confined in a volume 
V , which is small in each dimension with respect to the emission wavelength. 
The direction a 2 is defined as that between the surface normal and the axis of 
detection. For a point dipole, the power emitted into a unit solid angle along a 
direction a 2 can be expressed by Equation 3.9 [48], where 6 is the angle between 
the current density j  and the surface normal and <j>Q is the corresponding azimuthal 
measured relative to the plane of emission. /  is the repetition frequency of the 
laser and n is the bulk THz refractive index averaged over the spectral bandwidth 
of the emission.
T
«  £ 0  J  pP,. m ,  m *), «■»)dt (3-9)
0
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In Equation 3.9, Fraunhofer diffraction across the illuminated area is not taken 
into account. The finite size of a coherent source must also be taken into account 
because of Fraunhofer diffraction. If the time taken for the light to travel across 
the illuminated area is long compared with the scattering time, then the effect is 
small. For longer scattering times, however, the effect is to reduce significantly 
the radiated power. In this case, for an illuminated area of the sample of ~1 mm2, 
it is found that the radiated power is reduced by a factor of ~30 for radiation 
with a frequency of 1 THz.
The terms Pp and Pa in Equation 3.9 contain factors that relate to the interface 
dipole angular power distribution, and have been derived by Lukosz [48] for the 
p- and 5 -polarisations respectively. These factors take into account the transfor­
mation of the transmission coefficient for the emitted radiation and the change 
in the solid angle of emission when passing from the semiconductor to a vacuum.
a distance of the surface which is comparable with the emission wavelength.
3 cos2 a 2 (cos 0  sin a \  +  sin 6  cos ((f) — <f>0) cos a .\)2 (3.10)
3 cos2 a 2 sin2 6  sin2 (<f> — (f>0) 
2?r n3 (cos Qi H- ~ cos a 2)  2
(3.11)
In the above equations a\ is related to a2 by sin =  sin a2/n . Lukosz has shown 
that the radiation patterns emitted by a dipole close to an interface between two 
different materials can be described simply in terms of the orientation of the 
dipole relative to the interface, the relative refractive index and the distance of 
the dipole from the interface. It has been shown that the presence of an interface 
can be expected to influence strongly the emission process if the dipole is within
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Within this limiting distance, the radiation emitted by a dipole parallel to the 
interface is much stronger than that emitted by a dipole perpendicular to the 
interface [48, 10], this is shown in Figure 3.9. Although the scale of the plots 
make it a little difficult to the see the emission for a dipole in a material with a 
high dielectric constant similar to InAs, the dipole parallel to the surface for a 
value of £ = 1  is evidently much stronger than that found for a dipole perpendicular 
to the interface.
The physical effect of the interface is to enhance the increase in the radiated power 
with magnetic field by increasing the fraction of the radiation that is emitted into 
the vacuum. This is achieved by the action of the magnetic field which increases 
the angle 6 between the current j  and the surface normal by the Lorentz force.
The model takes into account the emission due to the additional acceleration of 
the charge carriers by the application of the magnetic field, together with the 
enhancement of the radiation due to the terms derived by Lukosz for a dipole at 
an interface. The physical parameters that have most effect on the qualitative 
shape of the plots predicted by the model and illustrated in Figure 3.11 are the 
carrier mass, the scattering times t 8 and rc and the phenomenological screening 
parameter t j . In these plots, the electron effective mass at the band edge is taken 
as 0*023me, a scattering time, r5, of 100 fs, and a capture time, rc, of 10 ps is 
assumed along with a value for 77 of 1 0 .
For n-InAs, the dielectric constant at high frequencies is taken to be 14.6 [32], 
and it can be seen with reference to Fig 3.10 that the proportion of the generated 
radiation that is emitted into the vacuum along the axis of detection, is small 
compared with the amount radiated into the substrate. This is supported by 
experimental observations, where large amplitude reflections of the time domain
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F ig u r e  3.9: The differences between the dipole radiation emitted from a dipole 
perpendicular (top) and parallel (bottom) to a dielectric interface.
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F i g u r e  3 .1 0 :  The dipole radiation emitted from the surface of InAs in the 
standard experimental configuration.
THz transients axe observed from the back of the samples for the lightly doped 
epilayers of InAs. An effect not accounted for in the model, but that may act as 
another complication in the system is the fact that the epilayer samples constitute 
a stratified medium of GaAs and InAs on the scale of the emission [49]. This is 
despite the results of the THz reflectivity, shown earlier in Figure 3.5, which show 
that the dielectric properties of the surface layer can be treated simply for the 
high frequency radiation that is generated in the samples.
Figure 3.11 shows examples of the predicted variation of the emitted power with 
applied magnetic field for a sample in the usual geometry of 45° and for the 
geometry where the sample surface normal, and hence the surface electric field, 
is perpendicular to the applied magnetic field. The sample stick insert shown
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F i g u r e  3.11: A comparison of the model with the measured effect for a p- 
5-5 x 1018 cm-3 sample. The angles 45° and 90° refer to the angle that the surface 
normal of the sample makes with the magnetic field.
in Figure 2.7 was used to provide a means by which the electric and magnetic 
fields could be crossed perpendicular to one another, whilst ensuring the light 
remained incident at 45° to the surface normal. In this somewhat simplified 
geometry, relatively good qualitative agreement is found between the model and 
the experimental results. The p-polarised component of the emission is found to 
decrease in amplitude with increasing applied field. This observation is predicted 
by the model, although the ratio of the zero field to the high field emitted power 
levels is seen to be less in the experimental data.
There is less qualitative agreement between the model and the experimental re­
sults when comparing the s-polarised component of the emission, although the 
measured emission does reach saturation in the 45° geometry, but at higher field
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values. However, in this model the field at which the output saturates can be 
altered by changing the screening parameter, 77, and the effective mass of the 
electron.
In this model, although the absolute average powers predicted, and the variation 
with an applied magnetic field show reasonable qualitative agreement with the 
observed magnetic field enhancement, the polarity of the emitted transient that is 
predicted by the model is incorrect. This is obviously a major flaw in the model, 
and thus there are extra, or different, effects that must be included in the model 
in the future, as it is developed further. Section 3.3.5 discusses the inclusion 
of terms to account for a diffusion current as well as the drift current, and the 
overall effect this has on the model, which is to give the correct polarity. Another 
deficiency is that the predicted magnetic field enhancement when comparing the 
signal strengths at 0 T and 7 T is not as great as that which is observed. However, 
the absolute powers that are predicted by the model are found to be of the right 
order of magnitude, ~10 - 5  W, and the different experimental geometries show 
reasonable qualitative agreement with the experimental, for this relatively simple 
model of a very complicated system.
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3.3.3 Coherent D etection  o f THz Electrical Transients
For the coherent detection of the transient THz electric fields the dipole receiver 
was used in the TDTS, as previously described. In this way the magnetic field de­
pendence of the THz transients was investigated directly, and the average power 
that was generated within the bandwidth of the receiver was qualitatively com­
pared with the results taken with the Golay cell. The measurements were made 
on the whole range of n- and p-type samples, and in some cases both the s- 
polarised component as well as the p-polarised component of the emission were 
measured. All measurements were taken at temperatures in the range 5K to 
30 K.
Figure 3.12 shows the p-polarised THz transients recorded for the full range of 
n -type samples, at 0 T and 7 T to show how the characteristics of the detected 
transient change with the application of the magnetic field. The small amplitude 
oscillations that are present after the initial transient in many of the traces are due 
to an optically excited absorption feature of the high resistivity silicon windows in 
the cryostat, and are discussed further in Chapter 4. With reference to the THz 
transients shown in Figure 3.12, it is clear that the peak to peak amplitude of 
the transients decreases with increasing carrier concentration, such that over the 
carrier density range 2 x 1 0 15 cm- 3  to 4x 1 0 19 cm-3, the amplitude of the transient 
is reduced by a factor of ~300. Over this large range of samples with increasing 
doping densities, the mobility of the charge carriers decreases due to ionised 
impurity scattering, but there are also other effects by which the overall amplitude 
of the transient may be reduced. The surface accumulation field strength is 
expected to decrease with an increase in the bulk carrier concentration, as the 
bulk Fermi level rises towards the pinning energy at the surface. Additionally,
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there is an increase in the effective mass of the electrons at the Fermi level with 
an increase in the carrier concentration [50]. It is found that with the inclusion of 
band non-parabolicity in a three band k-p calculation, an estimate of an increase 
in the the effective mass from 0-023me at 2xl0 1 5 cm- 3  to 0-092 at 4 x l 0 1 9 cm- 3  
can be made [51, 52]. The three band model describes the variation of the effective 
mass as a function of doping reasonably well for levels up to 101 9 cm“ 3 [29].
With an increase by a factor of four in the effective mass of the electron, and 
a decrease in the surface accumulation field, the signal is expected to drop sig­
nificantly with an increase in the doping density for the n-type materials. For 
p-type materials however, the reverse is be expected. Although the scattering 
due to ionised impurities is expected to increase with increased doping , the ef­
fect of pushing up the Fermi level in p-type InAs is to increase the surface electric 
field due to the much greater degree of band-bending that is necessary because 
of the surface states. As can be seen with reference to Figure 3.14, the peak 
to peak amplitude of the signal reduces by a factor of ~3 for an increase in the 
carrier concentration by a factor of ~3, which is less than in the n-type materials, 
supporting the idea of the two competing processes.
As well as a decrease in the amplitude of the THz transients, the temporal 
width appears to decrease with increasing carrier concentration, certainly up 
to lx  1017 cm-3. This is supported by looking at the frequency spectra shown for 
the transients in Figure 3.13. However, the Fourier components of the transients 
for the most highly doped sample could not be calculated because the traces were 
too noisy to be able to produce a spectrum. The spectral weight of the signals ap­
pears to shift to higher frequencies with an increase in the carrier concentration. 
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F i g u r e  3.12: Time domain traces for the n-type samples with applied field
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F igure  3.13: Fourier components of the time domain THz traces at OT, 3T
and 7T  for the n-type samples.
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FIGURE 3.14: Time domain traces for the p-type samples with applied field
strengths of 0 T and 7 T.
of 1-6 THz at 7T, whereas the samples BK1 and IC311 have / 0.i bandwidths 
of 2-3 THz and 2-6 THz respectively. The other n-type samples which are more 
heavily doped than IC311 have lower / 0.i bandwidths.
The frequency spectra that are shown, are dependent on both the response of 
the receiver and the THz radiation that is incident on the dipole receiver. The 
receiver response, in terms of the finite detection bandwidth, is not thought to 
cause a significant problem, because the / 0.i bandwidth observed when using the 
CPS transmitter with the receiver is greater at ~3-2 THz, and the bandwidth of 
the THz radiation generated in the InAs is less than this value.
The time domain traces of all the samples show that the zero magnetic field
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transients are uni-polar and that signals from both the n- and p-type samples 
have the same polarity. A change in the signal polarity is not observed for an 
increase in the doping density across the range of samples, and thus it is concluded 
that the pinning energy at the surface of the samples might be larger than the 
Fermi energy in the most highly doped sample. If this is true then it implies 
that the pinning energy is greater than 0*6 eV, making the assumption that the 
polarity of the signal is determined by the direction of the surface field across 
the whole range of samples. However, this is only true if the current density is 
dominated by the drift current; the polarity of the surface field is irrelevant for a 
system dominated by a diffusion current, as discussed in §3.3.5.
A relative value for the power incident on the receiver can be calculated by inte­
grating, over time, the square of the transient current generated in the receiver. 
This is possible because the current that is detected in the receiver is directly 
proportional to the electric field of the transient E r(t) and so the instantaneous 
current generated in the receiver Ir(6t) is directly proportional to the signal am­
plitude. Power is the square of the amplitude, and the summing of the squared 
instantaneous current over time results in the average relative power, thus
Pm = J l* ( t ) d t  (3.12)
The integrations were performed carefully so as not to include any reflections and 
so as to ensure that the same portion of the total recorded trace was integrated 
for each sample. The value that is found is not an absolute measure of the 
power, but the variation of the average THz power emitted as a function of 
applied magnetic field can be compared with the results taken by the bolometric 
technique because the emitted THz radiation was of sufficient average power to
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be detected by the Golay cell. Figure 3.15 shows the integrated receiver current 
for the p-polarised component of the emission, as a function of magnetic field for 
the range of n-type samples. For samples where the magnetic field dependence 
has been measured using the Golay cell, a comparison is made with the integrated 
receiver current, which serves to show that the detection bandwidth of the receiver 
is sufficient to detect the dominant frequency components. Unfortunately, the 
more highly doped samples were not studied using the bolometric technique, and 
so no comparison could be made for these samples. The conversion factor between 
the integrated receiver current and the incident power depends on the spectral 
content but a value typically in the range 10-20 nA2 ps pW_1 was found in these 
experiments.
It can be seen with reference to Figure 3.15 that the sample with a carrier con­
centration of 2 x l0 16cm-3 exhibits a maximum in the output power at a lower 
field than the other samples, there is also a subsequent significant decrease in the 
emission — this is contrary to the other samples studied, and the results of the 
model, shown previously in Figure 3.11. The other n-type InAs samples are in 
better agreement with the power variation predicted by the model, although the 
field at which the emitted power reaches saturation is higher for the experimental 
data, suggesting that the model is lacking an important feature related to the 
influence of the magnetic field.
The plots in Figure 3.16 show the the p-polarised component of the emitted power 
generated in the p-type InAs materials. The qualitative shape of the integrated 
receiver current and the Golay cell measurements agree well for the example where 
both methods were used and can be compared. The magnetic field dependence of 
the emitted power is similar to that observed for the ‘mid-range’ n-type materials.
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F i g u r e  3 .1 6 :  Integrated receiver current and measured average power for the 
p-type InAs samples in p-polarised emission.
A similar comparison is shown for the s-polarised component of the emission in 
Figure 3.17 for three n-type samples and one p-type sample. Again, comparing 
the Golay cell measurements with the integrated receiver for both of the lightly 
doped n-type samples shows good qualitative agreement, even for the anomalous 
‘double peak’ structure mentioned previously.
The ratio of the maximum power measured to the zero applied field measured 
power, defined as the enhancement factor, in the p-polarised component is plotted 
in Figure 3.18 for both the p-type and n-type materials. The enhancement factor 
for the most lightly doped n-type material is found to be the same as that for the 
most heavily doped material, at ~12, whereas the largest enhancement of ~450 
is found in the sample with a carrier concentration of 7-5xl0 1 7 cm-3. Despite
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F ig u r e  3.17: Integrated receiver current and measured average power for some 
n-type and p-type InAs samples in s-polarised emission
the large enhancement factor for the samples in the middle of the doping range, 
there is still a reduction in the overall generated power for an increase in the 
doping density. Figure 3.19 shows how the average THz power emitted in the p- 
polarisation, from the n-type InAs samples varies with doping. With zero applied 
field, the time integrated power varies approximately inversely with the doping 
concentration. However, with the application of a magnetic field the average 
power falls off less rapidly at lower doping levels, but then much more rapidly 
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F i g u r e  3.18: Power enhancement of the 7T  signal relative to the OT.
3.3 .4  C oherent P lasm a O scillation  M odel
To try to develop a more sophisticated model than simply considering the ballistic 
motion of the charge carriers in crossed electric and magnetic fields, other consid­
erations can be taken into account to try to explain some of the data observed. 
In this section the screening of the surface accumulation field by photoexcited 
carriers is accounted for, and this screening produces a driving field which excites 
cold plasma oscillations of the thermally excited carriers. With this assumption, 
a model that is essentially an extension of that proposed by Kersting et al. [44] 
to the case of a semiconductor in a magnetic field, is presented. Whilst taking 
the wide range of different measurements during the study, it was noticed that 
strong oscillations appeared after the initial transient, with frequencies charac-
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F i g u r e  3.19: Integrated receiver current as a function of doping density for the
n-type range of samples
teristic of plasma oscillations from the bulk material. Figure 3.20 shows a THz 
transient and the subsequent plasma oscillations emitted from an n-type sample, 
with a carrier density of 2 x l 0 1 6 cm-3, illuminated with near infrared radiation 
at a wavelength of 765 nm and at a power density of 2-5 W cm-2. The oscilla­
tions have a decay time of less than a picosecond, and are more readily observed 
at these lower power densities than at the usual power density of 15W cm-2. 
The fast decay time of less than one picosecond is in good agreement with the 
scattering times assumed for the ballistic model in the previous section.
It is assumed that the plasma oscillations can be described as a ‘slab’ of charge [53] 
with a displacement x perpendicular to the surface and relative to the crystal
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F i g u r e  3.20: Bulk plasma oscillations observed from the BK1 n-type sample 
with a carrier density of 2 x l 0 1 6 cm“ 3 illuminated with an average power density
of 2-5 W cm- 2  at 765 nm.
lattice. A transient current density can therefore be defined as,
A T  d X
J =  ~ N’ (3.13)
where Na is the free carrier density. For frequencies below those of the optical 
phonons, the equation of motion of the radiative ‘slab’ plasmon is [44];
d2x  1  dx o e
d V + 7 . T t +Ur* =  m
(3.14)
In this equation, the range over which the plasmons are excited is assumed to 
be equal to the thickness of the epilayer, due to the plasmon wavelengths being
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many tens of /mi’s. This is a valid assumption as the thickness of the epilayers 
in these samples is in the range 3 fim  to 5 pm.
Although this model is physically quite different to the model presented in the 
previous section, Equation 3.14 is mathematically similar to that which is ob­
tained when Equations 3.5-3.7 are solved to give Equation 3.8. The subsequent 
calculations were performed in a similar manner to that described in the pre­
vious section, including taking into account the terms described by Lukosz [48]. 
However, one change is made, Equation 3.6 is replaced with a phenomenological 
expression for the time dependent driving field which arises due to the screening 
in the accumulation layer,
E(t) =  AE(1 -  e -‘/r*) (3.15)
where AE  is the maximum change in the surface accumulation field and re is the 
rise time of the photoexcited carriers [44]. The effect of these two parameters is 
only to change the absolute power scale, and for this study were assumed to be 
105 V cm-1 and 0-3 ps respectively.
The advantage of this model is that the calculated THz transients have the cor- 
rect polarity, whilst the magnetic field dependence of the time integrated signals 
remain similar to those shown earlier. Figure 3.21 shows the p -polarised THz 
transient traces obtained experimentally for IC106, compared with those pre­
dicted by the model with increasing magnetic field from 0 T to 3 T. Figure 3.22 
shows the time resolved s-polarised component of the THz emission from IC106 
compared with the prediction by the model — the small transient observed at 0 T 
in the s-polarised trace is considered to arise from polarisation leakage through 
the wire grid polariser, which has been measured to have a polarisation extinction
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F ig u r e  3.21: The p-polarised THz transients observed from IC106 compared
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F ig u r e  3.22: The s-polarised THz transients observed from IC106 compared
with those predicted by the model
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ratio of 10%.
This model has also been used to partly describe the zero magnetic field THz 
emission from n-doped GaAs [44], However, the model predicts long-lived plasma 
oscillations that are expected to dominate the THz traces after the initial tran­
sient. Unfortunately, these plasma oscillations Eire not observed, except at low 
power densities, although there is only one sample with a natural plasma oscil­
lation frequency within the detection bandwidth of the receiver, the sample with 
a carrier concentration of 2x l016cm~3.
It is presumed in this model that the relevant scattering time can be assumed 
to be similar to that determining the electron mobility, as any electron-electron 
scattering will not destroy any macroscopic coherence of the plasma. At the low 
temperatures investigated here (< 30 K), the dominant scattering is by ionised 
impurities. To obtain good agreement between the predicted and measured THz 
transient traces, a scattering time of a few hundred femtoseconds is required 
for the more highly doped samples. Although this time is not expected for the 
bulk carriers by the inspection of the mobility alone, it is close to that seen in 
the accumulation layer, and it is possible that the plasmon dephasing time is 
determined by a coupling between the carriers in the surface accumulation layer 
and the bulk.
3.3.5 Comparison of the Different M odels
The two models that have been presented to propose a mechanism for the gen­
eration, and the magnetic field enhancement, of the THz emission from optically 
excited InAs surfaces show relatively good agreement with the experimental data.
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The hypothesis based on the coherent plasma oscillations appears to provide a 
better model to describe the time domain THz transients, but the more simplistic 
ballistic model gives similar and relatively good agreement with the experimental 
data for the time integrated measurements.
An extra feature that may need to be included in the future is to take into account 
the possible effects of diffusion of the photoexcited charge carriers as another po­
tential mechanism for radiation. A report by Dekorsy et al. [54] suggests that a 
contribution by hot charge carriers can be significant in the emission of high fre­
quency electromagnetic radiation. As has already been mentioned, the radiated 
electric field is proportional to the acceleration of the transient drift current, j. 
However, a diffusion current can be defined as,
3 d  =  qD(V  • N) (3.16)
where N  is the density of free carriers again, V(z) is the displacement from the 
surface and D is the diffusion coefficient defined in terms of the carrier tempera­
ture T, and the mobility /i,
D = — n  (3.17)
The photogenerated electrons in InAs are created by a photon energy of l-65eV, 
and the low temperature energy band gap of InAs is 0-42 eV, thus the electrons 
are excited very high up into the energy band and the term for the carrier temper­
ature is very large. In addition, because of the very large absorption coefficient, 
2-5x 105 cm-1, the partial spatial derivative of N  is very large for InAs compared 
with other materials such as GaAs, where the absorption coefficient at 720 nm is
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4*4xl04cm 1 [54].
The diffusion current is therefore dominated by the carrier temperature and mo­
bility along with the spatial dependence of the free carrier density. The tern- 
perature for an electron excited to an energy ~ l-2eV  above the valence band 
maximum is ~104 K. The current flowing against the surface electric field can 
therefore be of the same order of magnitude, or larger, as the drift current flow­
ing in the direction of the field when taking into account the high value of dN/dz. 
In fact the effect has been shown by Dekorsy et al. to be important for the subpi­
cosecond carrier transport at GaAs surfaces with space-charge fields, despite the 
much lower value for the spatial derivative of the carrier density. The effect of the 
diffusion current on the radiated electric field is to give a large initial transient 
of the correct polarity, before the large radiative effect of the plasma oscillations, 
caused by the screening of the surface field by the drift current.
Other features may well need to be incorporated into the model as well, and by 
examining a range of different GaAs p-i-n  structures in the future, some insight 
may be given into the carrier dynamics.
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3.4 Variation o f the Em itted THz Radiation  
with Incident Power D ensity
To investigate the dependence of the generation of the THz radiation in the InAs 
as a function of the power density of the near infrared pump beam, both the 
Golay cell and the dipole receiver were used. At very high pump power levels 
(>500 mW) the dipole receiver was not used because the full output power of the 
Ti:sapphire laser was required, hence there was no gating beam available for the 
receiver. In addition, when the full laser output was used, the dispersion compen­
sation prisms were by-passed, and as such the pulse width will have broadened 
significantly in time, on passing through the dispersive elements in the optical 
path. The effect of this dispersion is to reduce somewhat the /o.i bandwidth of 
the emitted radiation, although this was not measured.
To determine the area of incidence of the pump beam on the samples, a beam 
profiler was used to measure the radii of the elliptical cross-section of the beam 
at half power. This measurement was performed with and without the presence 
of the prisms in the beam path. The lowest power density that was achieved 
was 0-5 W cm-2, and the highest was ~4 kW cm-2. The measurements were per­
formed with a static applied magnetic field of 3 or 5 T, so as to improve the SNR 
of the experiment by the enhancement of the generation of the THz radiation.
Initially, the power density of the incident near infrared radiation was changed 
to investigate the effect on the emitted THz transients. Measurements were 
made across several decades of increasing power density from ~1 W cm-2 up to 
~2 kW cm-2 by changing both the power of the incident near infrared radiation, 
and by focusing the area of the incident beam. Two ra-type samples (BK1 and
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F ig u r e  3.23: Plot showing the unitary power relationship between the incident 
power density and the generated THz radiation, and the subsequent saturation
at high incident power densities.
IC106) and one p-type sample (DRA18) were investigated in this way at 30 K 
and 4 T, so as to increase the amplitude of the transient. Figure 3.23 shows a plot 
of the peak to peak amplitude of the THz transient as a function of the incident 
power density for the three samples. At low excitation densities (<50W cm -2), 
the amplitude of the emitted transient is proportional to the incident power, as is 
expected for coherent radiation; hence the gradient of one that is shown in Figure 
3.23. At an average power density of 50 W cm - 2  and a laser pulse repetition 
rate of 82 MHz, radiation of wavelength 765 nm creates approximately the same 
number of carriers as exist in the surface accumulation layer, ~10 1 2 cm-2. These 
photoexcited carriers tend to screen the surface electric field, and the THz signal 
begins to saturate at average power densities in excess of 50 W cm -2. The sample
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was kept at a constant temperature of 10 K for the duration of the experiment, 
however it was found that a reasonable amount of sample heating due to the 
incident radiation occurred. It was observed that with the standard condition of 
360 mW at 765 nm, the sample temperature rose by up to 7 K. The sample was 
returned to a stable temperature of 10 K before the next datum point was taken.
The Golay cell was used to measure the maximum average power that could be 
generated in InAs with this measurement system. The maximum average power 
available from the Ti:sapphire laser was measured to be 1-2 W at the cryostat, 
and this gave an average power density of 50 Wcm-2. Although a much greater 
power density could have been achieved, the emitted beam is very divergent and 
large losses are accrued when the pump beam is strongly focussed on to the 
sample. Figure 3.24 shows the measured average power for the two polarisation 
components and the sum for this geometry at 13 K as a function of magnetic 
field. The unpolarised emission of 30 /iW is the largest average power observed 
in this study.
To ensure that any leakage of the wire grid polariser was not responsible for the 
large value of the sum of the two polarisations, the wire grid polariser was removed 
and the unpolarised emission measured with the Golay cell. Figure 3.25 shows 
the comparison of the sum of the two components of emission and the unpolarised 
emission. Subsequently, by using the TDTS with the CPS transmitter and dipole 
receiver, the extinction ratio of the polariser was measured more precisely to be 
10% ±2%.
The effect of changing the power density not only has the effect of saturating the 
emission at above ~ 50 Wcm-2, but when measuring the power with the Golay 
cell, the magnetic field at which the emission saturates is shifted to a higher value.
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F i g u r e  3.24: The maximum average THz power observed from an InAs sample, 
IC106, for an average pump power of 1.2 W at a temperature of 1 0  K.
Figure 3.26 shows the results for the n-type sample with a carrier concentration 
of l*7xl0 1 6 cm-3, at three different power densities. The saturation field for 
the emission is seen to shift from a value of ~ 5 T  to outside the range of the 
measurement system by increasing the power density by a factor of ~50. A 
possible reason for this effect, is that at higher power densities, the density of the 
photoexcited carriers is increased, which leads to a reduction in the scattering 
parameter t s due to the Coulomb interaction between electrons and holes.
The effect of a decrease in t s is to decrease the overall emitted average power, and 
to shift the saturation field to a higher value. This effect is also seen when the 
screening parameter 77 is decreased, which is reasonable when considering higher 
power densities. The effect of a change in the incident power, but at a constant
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F ig u r e  3.25: Unpolarised emission and sum of the two polarisation components
for IC106
power density of 30Wcm~2 was also studied. In contrast to a change in the 
magnetic field dependence observed when the power density is changed, the field 
at which saturation is reached remains the same. The emitted average power 
at each applied magnetic field value is lower with decreasing incident power, as 
expected, but ratios of the emitted power at each field value is the same, as shown 
in Figure 3.27.
3.5 Sum m ary
The THz radiation that is generated in InAs by optical pumping with short 
pulses has been studied, and the effects of temperature, magnetic field, optical
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F igure  3.26: The magnetic field dependence of an n-type sample at different
power densities
pump power, doping density and the majority carrier type have been investigated. 
Both a bolometric technique, using a Golay cell, and a time resolved coherent 
detection technique using a dipole receiver in a TDTS system have been used 
to detect the emitted radiation for the many different conditions of the samples. 
Two, mathematically similar, but physically different models have been proposed 
to attempt to assist in the further understanding of the complex origins of the 
THz radiation, in particular the large enhancement of the emitted power by the 
application of a magnetic field.
A maximum emitted power of ~30 /xW of unpolarised radiation was observed for 
the n-type sample with a carrier concentration of 1-7x 1 0 15 cm - 3  at a temperature 
of 10 K and at a magnetic field strength of 3T  applied at 45° to the sample
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FIGURE 3.27: The magnetic field dependence of an n-type sample at different 
pump powers, but a constant power density.
surface and the direction of propagation of the incident light. Due to the careful, 
and multiple, calibrations of the Golay cell sensitivity, this value of ~35|iW  is 
considered reliable and can be seen to be much smaller than that observed in the 
first report by Sarukura etal. [6].
The motivation for these studies has been to investigate the possible future use 
of InAs as a coherent THz source. However, the power levels that are generated 
in InAs are lower than those that can be achieved with a biased CPS transmitter 
at room temperature and with no applied magnetic field. The power from a 
CPS transmitter used in the TDTS presented in this thesis, has been measured 
to in excess of 45/liW. In addition, a CPS transmitter is a more broad-band 
THz source than InAs, with the fo.i bandwidth of a CPS transmitter more than
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0*5 THz greater.
It is thus the conclusion of this study that InAs offers no obvious advantage over 
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Chapter 4
THz Cyclotron Resonance in 
Optically Excited High 
Resistivity Silicon
4.1 Introduction
In this chapter, a description of the investigation into the origins of the oscillar 
tions mentioned previously in Chapter 3 is presented. The long lived oscillations 
were observed in the time domain traces whilst measuring the emission of THz 
radiation from optically excited InAs in a magnetic field. The oscillations were 
originally thought to be a feature of the InAs samples themselves. In the explo­
ration of this hypothesis several experiments were performed, including investi­
gations into the dependence of the frequency and amplitude of the oscillations as 
a function of the sample doping, the magnetic field dependence, the orientation 
of the sample to the magnetic field, the temperature dependence and a ‘double­
pump’ single probe experiment using the coplanar stripline (CPS) transmitter. 
Despite the large variation in the experiments, the same frequencies for the os­
cillations were found. It was subsequently discovered that the oscillations were
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due to the absorption of the THz radiation by the electron cyclotron resonance 
in the silicon ‘cold window’ of the cryostat.
Once the origins of the oscillations had been discovered, experiments were per­
formed using an InAs sample as a source of coherent THz radiation to probe 
the cyclotron resonance in the high resistivity (g >1Q4 Qcm at 300 K) (100) sili­
con windows. Although there is one previous publication on the use of optically 
excited InAs as a THz source [1], this is believed to be be the first reported 
use of optically excited InAs to provide coherent THz emission for pump-probe 
spectroscopy on an optically excited material. Initially the magnetic field de­
pendence of the cyclotron resonance was investigated to determine the carriers 
involved, and then the incident power density dependence was studied to confirm 
the process was absorption. Finally the temperature dependence of the cyclotron 
resonance was measured over the range 5 K to 80 K.
Cyclotron resonance in semiconductors was first observed in Germanium at 77 K 
by Dresselhaus et al. in 1953 [2]. The experiment was based on the sugges­
tion of the possible application of cyclotron resonance to solids by Dorfmann 
in 1951 [3], and the work by Dingle in 1952 [4] when he proposed the quantum 
theory of cyclotron resonance of a free particle. It was not until 1953, however, 
that Shockley [5] gave a solution to the problem of cyclotron resonance for an 
ellipsoidal energy surface — as is the case in both silicon and germanium. Dres­
selhaus et al. reported the first observation of cyclotron resonance in silicon [6] 
and germanium [7], at a temperature close to 4K, the characteristics of which 
were explained in terms of the model proposed by Shockley [5].
Since these early reports, cyclotron resonance has been used extensively to inves­
tigate properties of materials. In particular the effective mass of carriers involved
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in the cyclotron motion and to estimate a lower limit for the carrier scattering 
time from the homogenous broadening of the observed resonance peaks [8]. The 
measurement of the cyclotron resonance effect was also the first method by which 
the effective mass of carriers could be determined directly [9], and as such proved 
to be a very powerful tool in the study of solid state materials, in particular 
semiconductors[10].
The separate components of the TDTS (time domain terahertz spectrometer), 
which was used to measure cyclotron resonance in silicon, axe discussed fully in 
Chapter 2 and the characteristics of the InAs sample used as the THz source is 
discussed in Chapter 3. The experimental configuration used was the same as 
that shown in Figure 3.1 in Chapter 3, where the InAs sample used to generate 
the THz radiation was the n-type sample designated as BK1 in Table 2.1, which 
was illuminated by near infrared radiation of wavelength 765 nm, with an average 
power of 360 mW at the sample surface, with the sample surface at 45° to both 
the incident light and the axis of the magnetic field. The cold exit window of the 
cryostat was used as the silicon sample. A fraction of the near infrared fight was 
reflected from the InAs surface onto the silicon window, thus creating electron 
hole pairs in the window, crucially along the axis of emission of the THz radiation 
from the InAs sample. The use of the optically excited InAs as a source for the 
THz radiation overcomes one of the difficulties in using the TDTS in the usual 
optical pump, THz probe configuration, that of aligning the optical pump and 
the far infrared probe beams such that they are cofinear within the sample.
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4.1.1 Properties o f Silicon
The properties of silicon have been studied extensively in the past, and today 
silicon is one of the most well understood materials [11]. Much of the work per­
formed to further the understanding of the properties of silicon was stimulated 
by the electronics industry [12, 13]. The need to increase the density of transis­
tors on silicon chips [14], the fabrication of different types of transistor [15] and 
other devices [16] all resulted in the need for more information about the mate­
rial. Silicon and germanium were studied extensively from the 1930’s onwards, 
but it wasn’t  until the late 1940’s and early 1950’s that single crystals of sufficient 
purity were able to be fabricated [17]. The growth of pure crystals of these group 
IV elements enabled their semiconducting properties to be investigated, without 
domination of the observed processes by impurities.
Silicon forms a diamond structure unit cell with each atom tetrahedrally sur­
rounded by four nearest neighbours, and is an indirect band gap material with a 
minimum energy band gap of 1*15eV at 4-2K [18]. The constant energy surfaces 
at the bottom of the conduction band are located on the orthogonal (100) axes, 
as shown in Figure 4.1. The electrons in silicon are distributed amongst the six 
equivalent energy valleys; the so-called ‘many-valley’ model [9]. This is in stark 
contrast to the direct band gap materials such as GaAs, where the constant en­
ergy surface is a sphere located at the centre of the Brillouin zone [19]. It can be 
shown that the effective mass is isotropic for the spheroidal energy surface and 
that the effective mass tensor can be expressed as [20];
j _  =  a i )
mxy h2 dkxdky
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F igure 4.1: The ellipsoidal constant energy surfaces for silicon.
In silicon, however, the electron effective mass is anisotropic because the constant 
energy surface is ellipsoidal [9];
E{k) =  h (kx -  kox)2 +(ky — fcoy)2 , (fc*-*0*)21+
2 m i 2m
(4.2)
where the x- and y-axes axe defined as the minor (transverse) axis of the ellipsoid 
and the major (longitudinal) axis respectively. The band edge exists at inter­
mediate points fcox.y.z along the (100) axes of the Brillouin zone. The electron 
effective masses defined as the transverse effective mass, m±, and the longitudinal 
effective mass, m\\, correspond to the effective mass of an electron travelling along 
the minor and major axes of the ellipsoid respectively. Only in the transverse 
direction is the electron effective mass found to be isotropic.
The presence of the anisotropy of the electron effective mass is especially impor­
tant to note in the experiments presented in this chapter, because of the direct 
way in which the carrier effective mass is determined by cyclotron resonance ex­
periments. With reference to Figure 4.1, it can be seen that the application of a
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magnetic field along, say, a particular (100) axis results in two cyclotron frequen­
cies. It is also clear that there will be a dependence of the observed frequencies on 
the angle, #, of the application of the magnetic field to the (100) crystallographic
axes. The observed cyclotron frequency can be expressed as [9];
=  uj\ cos2 6 +  u±u\\ sin2 0 (4.3)
and thus the observed effective mass is,
1 cos2# sin29 /A
— ~  — 2— *- (4-4)m** mL m_Lm||
4.2 Experimental R esults
Figure 4.2 shows an example of the cyclotron oscillations that appear after the 
main THz transient in the s-polarised emission from the n-type InAs sample 
BK1 (n-2-1016 cm-3) under a magnetic field of 5T. As can be seen the oscilla- 
tions extend just beyond 30 ps after the main THz transient, and the peak to 
peak amplitude of the oscillations at the maximum is 0-35 nA compared with 
the main transient amplitude of ~7 nA. By integrating over time the intensity of 
the oscillations and the main transient separately, a value for the relative powers 
can be calculated. It is found that the power in the oscillations is equivalent to 
5% of that contained within the main transient. An FFT was performed on the 
data to extract the frequency of the oscillations, as shown in Figure 4.3. Two 
distinct absorption features occur at ~0*34 THz and ~0-74 THz. The linewidth 
taken from the FFT was used to calculate a 1/e decay time for the oscillations 
of ~22 ps.
109
C H A P T E R  4. THZ C Y C LO T R O N  R E SO N A N C E  IN  OPTICALLY E X C ITED  H IG H


















-10 -5 5 10
Delay (ps)
15 20 25 30
F i g u r e  4.2: The long lived oscillations present in the p -polarised component 
of the detected electric field transient. The transient shows a closeup of the 
oscillations to outline the exponential decay.
4.2 .1  M agnetic F ield  D ep en dence
The oscillations were measured at various applied magnetic field strengths as 
shown in Figure 4.4(a), together with the associated FFT’s for a range of mag­
netic fields from OT to 7T. It is clear that the frequencies associated with the 
absorption increase with increasing magnetic field. The linear relationship be­
tween the absorption frequency and magnetic field, shown in Figure 4.5 suggests 
cyclotron resonance of carriers with masses of 0-19me and 0-41me.
From Equation 4.4 it can be deduced that the 45° experimental geometry results 
in the predicted masses of mj.=0-19me and x/ra||ra_L=0-41rae, thus the longitu­
dinal mass is found to be m||=0-90me. These values give good agreement when 
compared with the published data [21] and so it is concluded that the oscillations
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F ig u r e  4.3: Fourier transform of the time domain trace shown in Figure 4.2. 
The two frequencies that are absent from the spectrum Eire ~0-34THz and
~0-74THz.
are a feature of the cyclotron motion of the electrons in high resistivity silicon.
4.2 .2  Pow er D en sity  D ep en dence
To determine that the detected cyclotron resonance was an absorption feature, the 
power density of the incident near infrared pump beam was changed to observe 
how the amplitude of the oscillations changed. In this experimental geometry, 
the amplitude of the THz radiation emitted from the InAs sample is proportional 
to the average power density of the incident near infrared radiation, and so is the 
number of photoexcited free carriers created in the silicon. For an absorption 
process, the amplitude of the oscillations is therefore proportional to the square
1 1 1
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F i g u r e  4 . 4 :  The magnetic field dependence of the oscillations (top) showing 
the two frequency components, and the associated Fourier transforms (bottom),
showing the absorption features.
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F i g u r e  4.5: Absorption frequencies at different magnetic fields, together with
a fit using u)c=eB/m*
of the incident average power density of the near infrared radiation. By perform­
ing an experiment where the incident power density was increased over several 
decades, including into the regime where the THz emission is saturated, with a 
static magnetic field, the amplitude of the initial transient and the oscillations 
could be recorded. Figure 4.6 shows the result of this experiment, and there is ev­
idence to support the idea that the oscillations arise due to cyclotron absorption 
of the THz radiation emitted by the InAs sample.
4 .2 .3  T em perature D ependence
The temperature dependence of optically excited cyclotron resonance in silicon 
was studied between 5K and 80 K. Figure 4.7 shows the measured temperature
113
C H A P T E R  4. THZ CYC LO TRO N  R E SO N A N C E  IN  OPTICALLY E X C IT E D  HIGH
R E SIST IV IT Y  SILICON
Gradient of 1
o THz Transient 
a Oscillation A n
Gradient o f 2




0.1 10 100 1000
Incident Power Density (W cm'2)
F i g u r e  4.6: Plot to show the peak to peak amplitude of the main THz electric 
field transient and the peak to peak amplitude of the oscillations, as a function
of the pump beam power density.
dependence for the cyclotron oscillation amplitude for three different power den­
sities of 15Wcm-2, 74Wcm-2 and 227 W cm-2 of the near infrared radiation 
pump beam.
Above the peak at ~30 K the dominant electron scattering process is the interac­
tion of the electrons with the acoustic phonons[22], and at temperatures above 
80 K the optical phonons would be expected to begin to dominate and the co­
herence time of the cyclotron motion would be expected to be even shorter [22]. 
The significant drop in the amplitude of the oscillations below ~30 K was not ex­
pected, although in many semiconductors, the electron mobility begins to plateau 
at these temperatures [23]. It has been shown that in very pure samples impu-
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F ig u r e  4.7: The temperature dependence of the amplitude of the observed 
cyclotron resonance oscillations at different power densities.
rity scattering can dominate and can cause the mobility to drop by an order of 
magnitude below 20-30 K [24].
A fit can be made to the temperature dependent data based on electron scattering 
dominated by interactions with the acoustic phonon below ~80K such that the 
mobility of the electrons /ie oc T -3/2 [25]. Below 30 K the interaction is dominated 
by interaction with the impurities, both the ionised and the neutral, where the 
electron mobility /ie oc T3/2 [26, 27]. Figure 4.8 shows qualitative agreement 
in trend for the case where the silicon was illuminated by a power density of 
227 W cm "2
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F ig u r e  4.8: The temperature dependence of the amplitude of the cyclotron 
resonance oscillations at a magnetic field of 5T  and a pump power density of
227 W cm "2.
4.3 Sum m ary
The first reported practical use of an InAs sample as a source of coherent THz 
radiation in pump probe spectroscopic measurements has been presented. The 
THz spectroscopy measurements were performed on the cyclotron resonance of 
photoexcited carriers in high resistivity silicon. The temperature dependence of 
the oscillations was measured, and explained in terms of scattering by acoustical 
phonons and neutral impurity scattering.
The use of an InAs source provides a means by which the optical excitation beam 
and the generated THz beam can be directed colinearly on to the subject sample
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with greater ease than when using the TDTS in the usual configuration, however 
the fact that the time delay between the optical pulse and the THz electrical 
transient cannot be changed limits the usefulness of the technique.
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Chapter 5
Observation of Ferromagnetic 
Resonance in the Time Domain
Over the past 15 to 20 years there has been considerable interest in probing 
the magnetic properties of materials by using magneto-optic measurement tech­
niques, in particular methods which probe the surface region down to 20 to 40 nm. 
This has been prompted by the advances in high density and high speed magnetic 
recording media [1, 2] and the ease and cost-effectiveness with which a magneto- 
optic Kerr effect (MOKE) or Faraday rotation measurement system can be con­
structed. The low cost of the MOKE technique has some distinct advantages over 
other more expensive techniques. The MOKE is not sensitive to the impurities 
that are always present in the substrate upon which the sample film is situated, 
and the region probed is of a very small area, and is thus relatively insensitive to 
edge effects.
Numerous examples of the use of the MOKE to characterise the magnetic prop­
erties of thin films down to sub-monolayer thicknesses and the surface region of 
magnetic materials exist and there are many review articles [3, 4, 5]. Some mar 
terials have been engineered to give a large Kerr rotation — such as the TbFeCo
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(terbium iron cobalt) compounds, which are currently used in most of the MO 
(magneto-optic) recording materials [6].
The surface magneto-optic Kerr effect (SMOKE) was first presented by E.R. 
Moog et al. [7], whereby the ferromagnetic hysteresis loops of monolayer films of 
iron were investigated under ultrahigh vacuum conditions. Following this work 
thin films of other ferromagnetic materials such as nickel and cobalt deposited on 
single crystal substrates have been investigated. Additionally, multilayer struc­
tures comprising two or more ferromagnetic layers in proximity or separated by 
an intervening layer, as well as ferromagnetic thin films sandwiched between non­
magnetic materials, have often been investigated using the MOKE measurement 
technique [8]. More recently, the MOKE has been used to show how the local ion- 
irradiation of Co/Pt ultrathin film structures can be used to pattern the magnetic 
properties down to the sub-micron scale [9, 10]; this technique has been proposed 
to be used in the design of new ultrahigh density magnetic storage media.
As well as knowing the magnetic characteristics of a material in terms of the 
coercivity, saturation magnetisation, etc., it is becoming increasingly important 
to understand the dynamics of the processes involved in high speed magnetisation 
reversal. High speed reversal is essential for the fast writing of logical ‘bits’ 
in ultra-high density magnetic storage media, and so picosecond magnetisation 
dynamics of micro- and nano-structured ferromagnets has therefore generated 
a great deal of interest [11, 12]. High speed magnetic switching is also under 
investigation in magnetic random access memory (MRAM) devices [13, 14] and 
will also be necessary for the development of spin-injection devices [15] and other 
applications in spintronics [16].
Down to the nanosecond range, magnetisation reversal is dominated by the do­
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main wall motion [17], whilst picosecond reversal is dominated by the precessional 
motion of the magnetisation. The damping mechanisms required for picosecond 
reversal are not yet understood and the dependence of the reversal on the size, 
shape and magnetic anisotropy have yet to be studied [19].
Time-resolved optical pump-probe techniques are well suited to investigate such 
high speed characteristics, and such a technique was presented by Johnson et 
al. [18] in 1996 to study the spin lattice relaxation time in gold. It was then 
extended in 1997 to study fast magnetic properties in thin film ferromagnetic 
alloys [20]. It is an experimental technique based on this original work that is 
described in §5.3.
In this chapter, a brief discussion in terms of the microscopic theory of the 
magneto-optic effect is given, and is followed by an extended overview within the 
context of the macroscopic dielectric theory. Results of the characterisation of the 
in-plane magnetisation by the use of a standard quasi-static MOKE measurement 
technique are presented. A discussion of the time resolved MOKE measurement 
technique is given, and results are presented for the optical detection of small 
amplitude ferromagnetic resonance (FMR) oscillations, which are shown to agree 
well with the established FMR theory. Although the measurement of the time 
revolved MOKE in permalloy and iron has been presented previously, the work 
on cobalt is novel, and the construction of the system will allow future inves­
tigations into such materials as magnetic semiconductors as well as patterned 
micro-fabricated ferromagnetic structures.
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5.1 The M agneto-Optic Kerr Effect
Magneto-optics have been used extensively ever since the discovery by Michael 
Faraday in 1845 [21] that a piece of glass placed in a magnetic field changed the 
optical polarisation of a light wave propagating through it. The corresponding 
effect in reflection, the magneto-optic Kerr effect, was subsequently discovered 
by the Rev. John Kerr in 1876 [22], after the observation of the reflection of a 
light beam on the polished pole piece of a magnet. It wasn’t until 1932 that the 
microscopic theory was completed by Hulme[23], who stated that the effect is 
caused by the coupling between the electric field of the propagating radiation and 
the electron spin in an applied magnetic field, due to the spin-orbit interaction. 
This interaction couples the magnetic moment of the electron with its motion, 
and thus connects the magnetic and optical properties of a ferromagnet. For 
nonmagnetic materials, this effect is weak, because the equal number of spin-up 
and spin-down electrons cancels any macroscopic nette effect and results in the 
rotation of the polarisation of the light being directly proportional only to the 
external applied field. For ferromagnetic materials, however, the imbalance in the 
number of up- and down-spins does give rise to a nette effect, and this results in 
the polarisation rotation being directly proportional to the sample magnetisation, 
and not the external applied field [24].
5.1.1 Macroscopic Theory of the MOKE
Macroscopically, the magneto-optic Kerr effect arises from the antisymmetric, off- 
diagonal elements in the dielectric tensor [5, 25]. Linearly polarised light can be 
thought of as being comprised of two circularly polarised components, left circular
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polarisation and right circular polarisation. It is clear that when these two modes
propagate in a medium, the different electric fields will interact with the electrons
an isotropic and non-magnetised medium, the radius of electron orbit for the 
left and the right circular motion will be the same, and since the electric dipole 
moment is proportional to the radius of orbit, there will be no difference in the 
dielectric constants for the left or right circularly polarised light. However, when 
a magnetic field is applied, an additional Lorentz force acts on each electron. This 
force will alter the radius of the electron orbit differently for the two modes, and 
give rise to the asymmetry in the dielectric constant as experienced by the two 
circularly polarised modes. Thus, macroscopically, it is the Lorentz force that 
generates the magneto-optic effect, through the dielectric tensor.
If E  is a periodic electromagnetic field with an angular frequency of u , then an 
appropriate definition is E =  E 0e-Ju;t. Assuming that the magnetic susceptibility 
of the medium is near zero at visible light frequencies due to the fact that spin- 
precession frequencies are several order of magnitude lower, that there is no static 
electric charge (g =  0) and that the medium is homogeneous, then the relevant 
Maxwell equation can be expressed as,
and by comparison with Equation 5.2 [26], the generalised dielectric tensor can 
therefore be defined as that shown in Equation 5.3,
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The nine elements of the dielectric tensor can be defined as below, where it can 
be shown that = Eji, which means that when i — j ,  then Eij is simply defined 
as £, due to the Hermiticity of the tensor.
/ \
E £12 ^13
Eij £12 E ^23
{  £13 £23 £ )
(5.4)
For an isotropic material with no magnetisation, the off diagonal terms reduce to 
zero, and the dielectric tensor can be considered a scalar such that e =  e,




The expression in Equation 5.5 is the dielectric constant of the material, e =  
E0£ r , and these diagonal tensor elements are unaffected by the application of a 
magnetic field or by the presence of the magnetisation of the material to the first 
order in H  and M. With the application of a magnetic field, or considering a 
magnetised material, the off diagonal tensor elements become non-zero, and it 
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In a medium having an arbitrary magnetisation, the general dielectric tensor can 
be expressed in terms of Qv, the Voigt parameter [27], (sometimes referred to as 
the complex magneto-optic coupling factor).
-tj
 ^ 1 jQyMz jQvMy ^
jQ vMz 1 ~jQvMx
^  j Q v M y  j Q v ^ x  1  J
(5.6)
The terms Mx, My and Mz refer to the direction cosines of the magnetisation 
vector M , in a cartesian coordinate system as shown in Figure 5.1.
When a plane polarised optical wave propagates through this magnetised 
medium, the right (R) and left (L) circularly polarised components experience 
different refractive indices due to the asymmetric dielectric tensor. The different 
refractive indices can be expressed in terms of the Voigt vector, Qv =  mQv as, 
ri£,=n(l — iQ v • k) and nR=n( 1 +  lQ v • k), where n=y/e is the average refractive 
index and k is the unit vector along the direction of light propagation. There is 
therefore a difference in the refractive index as experienced by the two circularly 
polarised modes, and a phase difference is introduced. The complex rotation of 
the polarisation plane of the light is given below in Equation 5.7, where the real 
part gives the Kerr rotation and the imaginary part gives the Kerr ellipticity.
0 = (nL -  nR) =  —nQ v • k  (5.7)
The measurement of the Kerr effect is obviously related to the state of the re­
flected light from the sample, and so it is more convenient to define the rotation in 
terms of the complex reflection coefficients. Figure 5.1 defines the typical MOKE
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F i g u r e  5.1: The geometry of the electric field and direction of propagation of 
the light wave in a standard MOKE experiment.
optical geometry for probing an interface between a non-magnetic material of 
refractive index na and a magnetic material of index n. By taking the relevant 
Jones matrix formalism [28], the reflected electric field can be expressed as shown 
in Equation 5.8 below where r^p, rS3, rps and represent the complex Fresnel 
coefficients which contain terms proportional to the Voigt parameter, as shown 
in Equations 5.9-5.12.
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ps
jQv^o^i cos 90 (sin Q \U X — cos 6\uz) 
cos 61 (n0 cos 0o +  ni cos 9i) (ni cos 90 +  nQ cos #i) (5.11)
sp
jQ vn0n i cos 90 (sin 9iux +  cos 9iuz) 
cos 91 (nQ cos 90 +  n i cos 9{) (ni cos 90 +  nQ cos 9i) (5.12)
In the above expressions, no and ni axe the refractive indices of the non-magnetic 
material and the magnetic material respectively. The angle 90 is the angle of 
incidence and 9i is the complex refractive angle.
Simple MOKE measurement configurations are obtained for incident light that is 
s -polarised (Ezp =  0) or p -polarised (Elg =  0). As any Kerr rotation will involve 
a component of the polarisation rotating from say the s-polarised state to the 
p-polarised state, the Kerr rotation can be expressed as [29] the real part of the 
quotient,
(5.13)
By taking the expressions from Equations 5.9 and 5.11, the Kerr rotation can be 
expressed for the longitudinal Kerr configuration as [30, 31],
cos 90 tan 9a jn 0niQ v
cos(0„ -  0i) (nj -  n%)
(5.14)
For an arbitrary magnetisation direction, the longitudinal Kerr rotation is dom­
inated by the direction cosines of the magnetisation My and Mz, and Equation 
5.14 can be expressed as [32, 33],
0k =  - 3 l
cos 90(MZ -  My tan 90) jn aniQv
cos(90 - 9 1) (n\ - n l ) (5.15)
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The Kerr effect is thus expressed as the product of two terms: the term on the 
left is simply a function of the optical parameters of the medium and the incident 
angle of the light, the term on the right is the polar Kerr effect for light at normal 
incidence [32, 33].
5.2 Quasi-Static MOKE
From a general point of view the Kerr rotation and Kerr ellipticity can be mea­
sured independently. However, to measure the Kerr rotation three standard 
MOKE configurations are generally used. These are commonly referred to as 
the ‘polar’, ‘longitudinal’ and ‘transverse’ or ‘equatorial’ geometries. The geo­
metrical differences between these configurations are outlined in Figure 5.2. In 
the polar Kerr configuration (Figure 5.2a), the light propagates along the mag­
netisation direction, which is perpendicular to the plane of the sample. This 
configuration yields the strongest signal of all the configurations, and is sensitive 
to the perpendicular component of the sample magnetisation. In the longitudinal 
case (Figure 5.2b), the magnetisation lies both in the plane of the sample and 
the plane of incidence. This configuration is sensitive to the in-plane component 
of the magnetisation. For the transverse Kerr effect (Figure 5.2c), the magneti­
sation is still oriented in the plane of the sample, but perpendicular to the plane 
of incidence of the light. In this last case, there is no rotation of the plane of 
polarisation of the light, nor is there any ellipticity. This can be seen by exami­
nation of Equation 5.7, where the rotation is proportional to the dot product of 
the vectors Qv and k. In the transverse case the angle between the two is 90°. 
However, a change in the reflectivity can be detected, and provides a measure of 
the magnetisation perpendicular to the plane of incidence.
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(b)
F i g u r e  5.2: Schematic to show the three standard different experimental geome­
tries used to measure the magneto-optic Kerr effect; (a) polar, (b) longitudinal
and (c) transverse (equatorial).
5.2.1 E xp erim en ta l System : Q uasi-Static M easu rem en ts
In this case, the longitudinal MOKE configuration was chosen to measure the 
hysteresis loops of thin magnetic films before the subsequent investigation by 
use of the time resolved measurement technique. The longitudinal geometry was 
used in the following experiments due to the need to measure the Kerr rotation 
directly, and by the constraints imposed by the experimental system. A schematic 
of this measurement system is shown in Figure 5.3.
After reflection by a ferromagnetic thin film, the rotation of the polarisation of the 
probing light is of the order ~90/irad, and so a light source with a SNR better 
than 1 part in 106 was considered desirable, hence different light sources were 
tested during the development of the quasi-static measurement system. These 
light sources consisted of a HeNe laser, an ultrabright LED and a laser diode. 
The mode-hopping and long-term drift in the output of the HeNe (~2% over 1 
minute) with an average output of 10 mW at 632-8 nm, made the measurement 
of the Kerr rotation incredibly difficult. The ultrabright LED [34] had the best 
SNR of all three sources, but the collimated beam had insufficient power for the 
system; the LED only having a power output of lm W  at 830 nm. The best
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The differencing photodiode 
circuit used to measure the Kerr 

















F i g u r e  5.3: The experimental setup of the standard longitudinal MOKE mea­
surement system.
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overall light source was found to be the laser diode with a SNR of 1 part in 106 
and a maximum output power at 670 nm of 3mW. Different light sources for 
magneto-optic work have been compared with one another, and the best SNR is 
found for laser diodes [36].
The extinction ratio of the polarisation of the laser diode was insufficient to define 
the linear polarisation to greater than 1 part in 50 [35], and so the output from the 
laser diode was steered via a focusing lens through a Glan-Taylor polariser[37]. 
The Glan-Taylor polariser defined the fight as s-polarised, TE relative to the 
sample in this geometry. The extinction ratio was measured to be greater than 1 
part in 1 part in 105. The beam was incident on the sample at ~10° to the surface 
normal and the reflected beam was guided via another lens through a polarisation 
rotator, which rotated the polarisation to ~45°, so that when the beam passes 
through the polarising beam splitter, the two orthogonally polarised beams are 
of equal intensity. The polarising beam splitter was a Glan-Taylor style beam 
splitter, in which the s-polarised component of the beam is transmitted and 
the p-polarised component is reflected at 90° to the direction of propagation. 
Each of the orthogonally polarised beams is then separately guided onto one of 
two photodiodes [38]. The photodiodes were both reverse biased with 9 V and 
connected to a differencing current amplifier circuit, as shown in Figure 5.3.
The photodiodes have a sensitivity of 0-5 A/W  and the differencing circuit has 
an adjustable gain and bandwidth. The sensitivity of the differencing photodiode 
circuit as a whole can be changed from 0-23V//zW with a -3dB bandwidth of 
68kHz, to l lk V / f iW  with a -3dB bandwidth of 88kHz. The differencing diode 
circuit consists of an OP-27 low noise bipolar operational amplifier chip, arranged 
as in a negative feedback voltage amplifier configuration. The circuit produces
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an output proportional to the difference in the two signals from the different 
photodiodes. In this way, any random short term fluctuations in the laser output 
power is removed from the signal. The output from the differencing amplifier 
is then passed through a buffer amplifier of unity gain and into an averaging 
oscilloscope, where typically 500 averages were taken to improve the SNR by a 
factor of ~50.
The application of the quasi-static magnetic field was achieved by using an elec­
tromagnet consisting of two multiturn copper coils with a series impedance of 
6 — matched to the output impedance of a high power current amplifier. The
current amplifier is capable of producing an alternating current of 7 A peak to 
peak through the coils, and with the iron pole pieces separated by ~2*5cm, the 
maximum attainable field was found to be ~5 kOe. The field was typically mod­
ulated at 10-12 Hz and was measured by a commercial Hall sensor mounted on 
the sample stick, equidistant between the pole pieces. An averaging oscilloscope 
was then used to record and store the magnetic field and the output from the 
differencing diode circuit together.
With zero applied field, the polarisation rotator is adjusted so that the the inten­
sity in the orthogonally polarised beams becomes equal and the output from the 
differencing circuit is balanced to zero. The d.c. signal from a single photodiode 
was of the order ~1 V. With an a.c. field applied the MOKE causes a small ro­
tation in the polarisation of the light about the balanced d.c. level and thus the 
two orthogonally polarised arms change relative to one another, one increasing, 
the other decreasing.
The change in the signal intensity from the balanced state is given by the differ­
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ence between the measured intensities AR,
AR =  Iq [cos2 (a  +  Ok) — sin2 (a +  0k)] (5.16)
where Ok is the Kerr rotation and a  is the balance angle. If the d.c. level of the
system, i.e. the measured intensity in of one of the orthogonally polarised beams
is given by R,
R =  IQcos2 (a) (5.17)
then dividing Equation 5.16 by Equation 5.17,
AR cos2 (a +  Ok) — sin2 (a  +  Ok) (5.18)
(5.19)
R cos2 (a)
By re-arranging and simplifying Equation 5.18,
AR _  2 cos2 {a +  Ok) — 1 
R cos2 (a)
Assuming Ok to be small and taking the balance angle to be 7r/4 radian,
cos2 (a + 0k) ^ ^ ( l -  ^0\ -O ^ j  «  i  (1 -  20k) (5.20)
then by combining Equation 5.19 and Equation 5.20 we get an equation relating 
directly the Kerr rotation to the measured A R/R signal,
A R
^  =  -4 8 k  (5.21)
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This equation is equivalent to the expression given in equation 5.13. This treat­
ment yields the Kerr rotation, but by the insertion of a quarter wave plate the 
ellipticity can also be measured.
5.2.2 Sample Characterisation
The quasi-static MOKE measurements were performed on permalloy (Nio.sFeg^)) 
cobalt and iron films deposited on glass microscope slides. The ferromagnetic 
metals were thermally evaporated onto the microscope slides at the same time 
as the time-resolved MOKE devices were fabricated, as discussed in §5.3 Sample 
Fabrication. The films each consisted of a 500±100 A  thick film of the ferromag­
netic material, on top of a 50 A  thick film of NiCr, the wetting agent. The field 
applied by the electromagnet was ramped up to achieve saturation of the hys­
teresis loop, and 500 averages of the loop were recorded; Figure 5.4 shows results 
from all three samples.
For the purposes of characterising the samples for use in the time resolved MOKE 
measurement system, the important details to note in Figure 5.4 are the coercive 
field and the overall Kerr rotation. For permalloy, Figure 5.4(a) ,the coercive 
field is found to be 30e, whilst in iron and cobalt the coercivity is found to 
be 10 Oe and 15 Oe respectively. These values are highly dependent on the film 
thickness, material purity, substrate and many other factors, so they cannot be 
reliably compared with published data. It was found during the course of this 
study that the different methods by which the films can be deposited also made 
a big difference to the coercivity of the films. It seems that both the sputter 
deposition and thermal evaporation of permalloy, for example, give rise to films
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F igure  5.4: The Kerr rotation loops for the in-plane magnetisation as measured 
by the longitudinal MOKE experimental setup for (a) permalloy, (b) cobalt and
(c) iron.
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with a much lower coercivity than when the alloy is e-beam evaporated. In fact 
the coercive field in e-beam evaporated permalloy was found to be 4-5 times 
larger. The overall shape of the Kerr loop was much more square, hinting at 
much more isotropy in the magnetisation, and possibly the domains.
The Kerr rotation itself, however, can be compared with previously published 
results. The Kerr rotations measured here compare favourably with previously 
measured rotations [39], where permalloy displays a Kerr rotation of 3 mdeg. The 
measured Kerr rotation for iron and cobalt were measured to be 15mdeg and 
12mdeg respectively.
5.3 Time Resolved MOKE
Similarly to the quasi-static MOKE measurement technique outlined previously, 
the time resolved MOKE measures the transient Kerr rotation from the near 
surface region of a ferromagnetic film. The time resolved MOKE technique uses 
similar technology to that described in Chapter 2. An optical pump pulse gates 
an electrically biased photoswitch on a coplanar stripline, which gives rise to 
an electrical transient. The transient current subsequently gives rise to a tran­
sient magnetic field. Between the tracks of the stripline the generated magnetic 
field is perpendicular to the plane of the thin ferromagnetic film, and the thin 
ferromagnetic film is also under an in-plane d.c. applied field.
The generated magnetic transient induces a precession of the magnetic moments 
within the ferromagnetic thin film situated on top of the tracks separated by a thin 
insulating layer. Initially, a point equidistant between the tracks was illuminated
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F i g u r e  5.5: The structure of the MOKE time domain device in (a )  cross-section 
and (b) plan views. Part (c )  shows a closeup view of the 10 pim photoswitch.
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by the focussed plane polarised probe beam, and a transient Kerr rotation was 
measured. The Kerr rotation is sensitive to both the in-plane (longitudinal) and 
the out of plane (polar) components of the magnetisation since the propagation 
vector of the light is not normal to the film surface.
Sample Fabrication
The time resolved MOKE device including, the ferromagnetic thin film sample, 
was fabricated using standard processing techniques as outlined in §2.2 Sam­
ples. However, a brief summary is given here for completeness. Initially the 
Ti/Au tracks were thermally evaporated onto the clean GaAs surface to achieve 
a thickness of 100 A and 2000 A respectively. The stripline consisted of two 20 /xm 
wide, ~1 cm long tracks, separated by 50/xm. The photoswitch on the stripline 
consisted of a 10f ix  10fim gap, patterned by optical lithography. The drift ve­
locity of GaAs can reach ~107cms-1, and so for this size photoswitch the sweep 
out time for the photoexcited electrons could be as low as lOOps. This may go 
someway to explain the good temporal resolution that is achieved in the results, 
which are shown later, when making a comparison with the previously published 
reports. For a sweep out time of 100 ps, the peak current in the device can reach 
a value of ~100 mA, and this value is used in the model to predict the form of 
the magnetic field shown later, which yields a peak field of ~5,Oe.
A thin film of Si02, 500 A, was sputtered on to the surface of the chip as an 
insulating layer, and to provide a small amount of physical protection for the 
stripline. A long, thin, stripe of a ferromagnetic metal, either cobalt, permalloy 
(Nio.8 Feo.2 ) or iron was then thermally evaporated onto the Si0 2  perpendicular 
to the long axis of the stripline tracks, as is shown in Figure 5.5. The 500 A thick
140
C H A P T E R  5. OBSERVATION OF FERROM AGNETIC RESO N AN C E IN  TH E TIM E
DO M AIN
ferrom agnetic stripes were deposited  after a w etting layer o f < 100  A  of nickel 
chromium (Nio.sCro^) which improved the adhesion properties of the films. To 
enable the quasi-static MOKE measurements to be performed more easily, a glass 
microscope slide was placed in the thermal evaporator, on to which the metals 
were also thermally evaporated.
To attempt to measure the magnetic field that was produced by the current in 
the stripline, a device was fabricated whereby the field produced by one of the 
striplines was detected by measuring the current induced in another stripline. 
The substrate between the striplines was cleaved so that no electrical cross-talk 
was detected. The experiment used the pump-probe technique, whereby a pump 
laser pulse excited the carriers in the photoswitch of the biased emitting stripline, 
and a probe laser pulse, delayed in time relative to the pump, then probed the 
photoswitch on the detection stripline. A high gain amplifier was used to detect 
the induced current and the output fed into a LI A. Although a signal was mea­
sured which gave a pulse duration of 40 ps at FWHM, the result is not considered 
definitive, and as such the 40 ps value has been treated with some scepticism.
5 .3 .1  F errom agn etic  R eson an ce
When a ferromagnetic material is placed in an applied static magnetic field, the 
magnetic moments of each atom will precess about the direction of the applied 
field. The precession frequency of the magnetic moment is proportional to the 
applied magnetic field and can be expressed classically by the application of the 
torque equation, where m  is the atomic magnetic moment, T  is the torque on
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the moment and 7  =  — is the gyromagnetic ratio.
(5.22)
In a thin film if there is no applied magnetic field perpendicular to the plane of 
the film, the degrees of freedom of the precession of the magnetic moment are 
reduced, and the magnetic moments are all in-plane. If the sample is magnetised 
in the direction of the applied effective field, H eff, then the magnetisation per 
unit volume, M  =  N m  taking N  as the number density per unit volume, can be 
inserted into Equation 5.22,
dm
d t = —N T
^  =  —H T «  (5.23)
where T tot =  M  x B is the torque on the total magnetic moment and so Equation 
5.23 can be expressed as below, taking B =
^  =  - I t I^ o [M x Heff] (5.24)
For convenience, 7 0  can be defined as 7 0  =  7 )Uo- It can be seen that if a magnetisa­
tion M  is displaced from the applied field H eff, then it will continue to precess with 
a frequency equal to the Larmor frequency, ul =  |7 o |#eff, indefinitely, if it were 
not for some damping process. In general, losses in magnetism can have many 
origins: eddy currents, macroscopic discontinuities (e.g. Barkhausen jumps), dif­
fusion and the re-orientation of lattice defects, or spin-scattering mechanisms can 
all introduce irreversibilities and losses. Appropriate damping terms have been 
presented by Landau and Lifshitz [25], Gilbert [40] and also by Bloch and Bloem- 
bergen [41]. Here, the Gilbert form has been chosen, but it should be noted that it
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is essentially a modification of the original Landau-Lifshitz formalism [42]; Equa­
tion 5.25 being another representation of the Landau-Lifshitz equation and it is 
possible to convert between the Landau-Lifshitz and the Landau-Lifshitz-Gilbert 
equations [43].
<9M , _ a  (  d M \ , x—  =  - | 7o|M x H eff +  - ^ M x —  j (5.25)
The second term on the right characterises the Gilbert damping [40] by intro­
ducing a dimensionless empirical damping factor a , which is used to describe 
unspecified local or quasi-local dissipative effects, like the relaxation of magnetic 
impurities or the scattering of spin waves on lattice defects. The damping turn 
allows the magnetisation to turn towards the effective field until both vectors are 
parallel in the static solution.
To reach the resonant frequency, thereby producing the effect known as ferromag­
netic resonance (FMR), a relatively small a.c. magnetic field applied perpendicu­
lar to the larger d.c. is required. The frequencies normally required are in the r.f. 
range and so ordinarily a microwave source is used to pump a thin film of a mag­
netic material placed in a microwave cavity in a d.c. applied field [44]. However, 
the technique presented here uses the broadband magnetic field pulse, to stim­
ulate the precession. Additionally the time resolution of the technique, < lp s , 
yields very accurate information about the FMR oscillations and the damping 
rate of the precession itself.
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5 .3 .2  E xp erim en ta l S y stem
A schematic of the experimental system is shown in Figure 5.6. At the heart of 
the time resolved MOKE measurement system is the Ti:sapphire laser and the 
near infra-red optics. This part of the measurement system has already been 
described fully in Chapter 2. The important points to state are that the laser 
produces pulses of light at 765 nm with a pulse width of 70 fs at FWHM, at a 
rate of 82 MHz. After the dispersion compensation prisms, the light is split into 
two beams in the ratio 95:5 — the 95% reflected beam is the probe beam and 
the transmitted 5% is the pump beam.
The pump beam was p-polarised and directed via a beam compressor through a 
x 10 microscope objective lens of numerical aperture 0-3. The beam was focussed 
down to a size of ^15 fim at FWHM, on to the biased photoswitch. The average 
power of the pump beam was measured to be 30 mW, hence a pulse energy of
0-36 nj. The probe beam, however, was steered via a retroreflector mounted on a 
stepper motor to enable the relative delay between the pump and probe pulses to 
be varied. The stepper motor was incremented to give 1 ps steps in the relative 
time delay between the pump and probe pulses, over an 800 ps range. The beam 
was then directed via a separate beam compressor, and passed through a Glan- 
Taylor polariser. The Glan-Taylor polariser polarised the light in the s-polarised 
sense — opposite to that of the pump beam to prevent any optical cross-talk 
between the beams being detected further down the optical path. The Glan- 
Taylor polariser defined the polarisation to greater than 1 part in 105. The probe 
beam was then steered through the microscope objective lens and reflected back 
from the ferromagnetic sample on the device through the same lens. The angle 
of incidence of the probing light is 25° to the sample surface normal. A mirror
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Com puter LIA









Self mode-locked Ti:sapphire laser
F i g u r e  5 .6 :  Schematic of the time domain MOKE experimental system. 
Definitions: electromagnet (EM), polarising beam splitter(PBS), differencing 
photodiodes (DP), microscope objective (MO), Glan-Taylor polariser (P), lock-in
amplifier (LIA).
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picked-off this reflected beam and directed it through a lens and subsequently a 
polarisation rotator.
A polarising beam splitter then splits the beam such that the s-polarised and 
p-polarised components are transmitted and reflected respectively. The polari­
sation rotator is used to rotate the d.c. polarisation such that the intensity in 
both the orthogonally polarised beams is equal. Two photodiodes detect the two 
orthogonally polarised beams, and the output of the two photodiodes is fed into 
a differencing circuit; a schematic of which is shown in Figure 5.3.
The photoswitch on the stripline was biased with an a.c. voltage of 20 V peak to 
peak, such that the average r.m.s. current flowing was <~1 mA when illuminated 
by the pump beam. This enabled the use of a lock-in amplifier (LIA) to detect the 
Kerr rotation signal and thus an improvement in the SNR was achieved. With 
a time constant of 100 ms the LIA recorded 10 successive values at each time 
interval, the results were then averaged and stored on a computer.
The electromagnet was used to apply an in plane d.c. magnetic field from 50 Oe 
up to the maximum of 4kOe; this field aligns the magnetic moments along the 
direction of the field. The pump beam causes a short across the biased photo- 
conductive switch and so a magnetic field transient is generated perpendicular to 
the sample plane. This induces a change in the magnetisation of the sample and 
thus a Kerr rotation is detectable, similar to that described in §5.2.
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5.4 Tim e Resolved FM R Results
The results for the time resolved Kerr measurements are presented here for 
permalloy, cobalt and iron. As expected, the observed time resolved Kerr ro­
tation is smaller than that observed in the quasi-static measurements for the 
same film. This is despite the detected signal being dominated by the polar Kerr 
rotation, which is stronger than the longitudinal Kerr rotation. The small a.c. 
field was limited by the current in the stripline, which was restricted to ~1 mA 
to increase the lifetime of the device. This resulted in a relatively small a.c. field 
which was smaller than the coercive field required to change the polarity of the 
magnetisation, as shown in the quasi-static measurements.
The oscillations that are observed in the time domain Kerr rotation traces are 
explained in terms of a ferromagnetic resonance model taken from the established 
model. The results for which are presented in §5.4.2.
5.4.1 Kerr R otation
The time domain Kerr rotation traces are shown in Figures 5.7 ,5.8 and 5.9 for 
permalloy, iron and cobalt respectively. The largest measured Kerr rotation was 
115/zdeg for permalloy at a field of 4kOe and 291/ideg for iron at a field of 
4 kOe. For cobalt, however, the largest Kerr rotation of 283 fideg was observed at 
an applied d.c. field of 2 kOe. These values are significantly smaller than the Kerr 
rotations observed in the quasi-static measurements, where the applied field was 
significantly larger than the coercive field. In the case of the time resolved Kerr 
measurements, the transient field has been calculated to be ~5 Oe perpendicular
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FIGURE 5.7: The time resolved MOKE for a 500 A thin film of permalloy at
different d.c. applied fields.
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F ig u r e  5.8: The time resolved MOKE for a 500 A thin film of iron at different
d.c. applied fields.
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F i g u r e  5.9: The time resolved MOKE for a 500 A thin film of cobalt at different
d.c. applied fields.
to the sample surface. Figure 5.10 shows a cross-section of the field distribution 
around the stripline.
In all three Figures 5.7, 5.8 and 5.9, there is more than frequency present in each 
trace; this is most clearly seen in the case of cobalt in Figure 5.9. To obtain the 
decay rates for the different frequency components, a fit of the form given below 
was used.
$k = A0 cos(u>0t +  4>o) exp(—£ /t0) +  A\ cos(wit +  fa )  e x p (- t /r i)
where To and ri are the decay times of the two dominant frequency components, 
uo and u>i found by performing an FFT on the data. Figure 5.11 shows the fit 
together with the experimental results for the three materials at a static field
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F i g u r e  5.10: Cross-section of the predicted average magnetic field created by
the current pulse in the stripline.
value of 4 kOe.
For the dominant frequency component the decay time was found to be 417±8 ps 
for iron, 415±24ps for cobalt and 618±16ps for permalloy. These times give an 
indication of the spin-spin dephasing time which is determined by the inhomo­
geneities of the samples, and any impurities that may be present, in addition to 
electron-phonon interactions which destroy the coherent precession of the mag­
netic moments. For the second frequency component that is seen in the traces, 
the fit yields exponential decay times of 142±17 ps in cobalt, 54±12 ps in iron and 
20±8ps in permalloy. In the thin film limit, cobalt exists as two different crystal 
structures. At thicknesses >40 A cobalt has a b.c.c. crystal structure and the 
magnetisation tends to lie in-plane, whereas at thicknesses <40 A the structure 
is f.c.c. and the magnetisation out of plane [45]. It is possible that because the
150
C H A P T E R  5. OBSERVATION OF F E R R O M A G N ET IC  R E SO N A N C E  IN  T H E  TIM E








100 400 6000 200 300 500 700 800
Delay (ps)
F ig u r e  5.11: The time resolved Kerr rotation traces for iron, cobalt and permal­
loy at 4kOe (solid lines), together with a fit (dashed lines) to the oscillations to
determine the relaxation time.
film thickness of the samples studied were 500±100 A then there may be a large 
anisotropy of the magnetisation in the sample.
It is clear that by adjusting the point of illumination of the probe beam on the 
ferromagnetic sample, the different in plane and out of plane components will 
contribute differently to overall measured Kerr rotation. At the centre point 
between the tracks for example, almost all the a.c. pump field is oriented per­
pendicular to the sample surface, whereas directly above the tracks, the field is 
likely to be in plane. This is one advantage of using the measurement system 
where both the polar Kerr components and the longitudinal Kerr components 
are measured together. The differences in the Kerr rotation across the permalloy 
strip can be seen in Figure 5.12, and it is clear that the largest field is achieved 
between the tracks.
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F ig u r e  5.12: Dependence of the Kerr rotation of a 500 A thick permalloy(78) 
film across the stripline, showing a measurement of the magnetisation distribu­
tion. The schematic on the right shows the position of the permalloy thin film 
under that of the two horizontal tracks of the stripline.
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5.4.2 Ferromagnetic Resonance
The small amplitude oscillations that are present in the time resolved Kerr ro­
tation traces in the previous section are able to be discussed in terms of the 
established theory on the ferromagnetic resonance state [20, 19, 46]. The dom­
inant frequencies in the traces were extracted from the data by use of a FFT 
program, and plotted together with a fit using Equation 5.26 [42] to compare the 
modal frequencies observed with the ferromagnetic resonance frequency, / f m r - 
Figure 5.13 shows the observed frequencies as a function of the in-plane d.c. 
applied field.
/ f m r  =  - ^ y /H ( H  + 47rMs) (5.26)
The gyromagnetic ratio, 7 , was taken to be l-76xl07s_1 Oe- 1  for permalloy,
1-84x107s-1 Oe- 1  for iron and 1-91x107s_1 Oe- 1  for nickel, where the value 
of the p-factor for each material was taken from the literature [47]. Values for 
the saturation magnetisation were also taken from the literature [39], so that 
4 7rMs= 9 -5 kOe for permalloy, 18-5 kOe for cobalt and 21-5 kOe for iron. Good 
agreement between this simple model and the experimental data, suggests a weak 
damping effect [44], and is supported by the relatively long decay times extracted 
by fitting the time resolved Kerr rotation traces.
5.4.3 Spin Wave Resonance
The dominant frequency is predicted by the simple FMR Kittel equation, how­
ever the higher frequency that is observed can be described in terms of spin wave
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F i g u r e  5.13: Dependence of the FMR oscillation frequency as a function of 
applied field for iron (dots), cobalt (triangles) and permalloy (squares); and a fit 
to the data using the FMR frequency equation (solid lines), with values for the 
saturation magnetisation 47rMa, of 21,500Oe, 18,500Oe and 9,500Oe for iron,
cobalt and permalloy respectively.
resonance. If the electron spins at the surface of a thin magnetic film experience 
different anisotropy fields than the electron spins in the bulk, then long wave­
length spin waves can be excited. Effectively, the surface spins can be pinned, 
and the transient magnetic field applied perpendicular to the film plane can ex­
cite spin waves with an odd number of half-wavelengths. By adding a term [48] 
to the Kittel equation, Equation 5.26, that includes the spin wave exchange con­
stant D =  2A/Ms, where A is the exchange stiffness constant [42], and the spin 
wave wavevector q = nir/d2 where n is the mode of the spin wave and d is the 
film thickness, the frequency of the spin wave resonance that is observed can be
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F ig u re  5.14: The FMR frequencies for cobalt (squares), with a fit using a value 
for the saturation magnetisation 47tMs of 18,500Oe (solid fine), together with 
frequencies for the surface pinned spin waves in cobalt (circles) with a fit (dashed 
fine) including the extra term Dq2 to account for the spin wave.
predicted for the first frequency mode, n =  1.
/sw =  +  W )  (H +  Dq2 +  4ttMs) (5.27)
The spin wave stiffness constant is a phenomenological constant, and is signifi­
cantly larger for cobalt than it is for either permalloy(78) or iron [42]. For cobalt 
A =  1-1 x 10-6 erg cm-1, which results in a value of l-49x 10~9 erg cm2 for D. Fig­
ure 5.14 shows a plot of the bias field dependence of the ferromagnetic resonance 
and the surface pinned spin wave resonance.
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5.5 Summary
The time resolved measurement of the MOKE has been achieved in various fer­
romagnetic materials. In addition, small amplitude FMR oscillations have been 
observed and have been shown to agree well with a simple model taken from the 
established theory, including the contribution by surface pinned spin waves.
In the future this technique could be extended to the observation of the time 
resolved Kerr rotation by such materials as MnAs for example. By the use of the 
epitaxial lift-off technique described in §2.2.1, a stripline can be manufactured 
on, for example, sapphire with a small, ~300/zm2, chip of GaAs epilayer under­
neath the photoswitch. By this method, non-metallic ferromagnetic materials 
can be investigated by laying the sapphire device side down on to the surface 
of the sample. The photoswitch is gated, and the sample probed, through the 
sapphire substrate. This provides a non-destructive method by which the mag­
netic properties of a material may be investigated. The fabrication of this device 
was attempted over some time, but the required levels of atmospheric cleanliness 
were found to be superior to those available.
The fact that the technique yields information about spin dynamics and spin- 
spin interactions, is also of possible use in the future. For some materials there 
axe no lasers of the correct energy to tune to the band-gap and thus detailed 
investigation of some electron properties, in particular those associated with spin, 
are very difficult to achieve. This technique offers a way by which the spin-lattice 
relaxation time may be measured without the need for a light source tuned to 
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The THz radiation emitted from InAs surfaces illuminated by ultrafast pulses of 
near infrared radiation has been studied, and the dependence of the emitted aver­
age power and the amplitude of the electric field transient has been investigated 
in terms of the dependence on the strength of the magnetic field, the sample 
temperature, the doping levels within the sample, the majority carrier type, the 
incident optical power density and the position of the sample relative to the ap­
plied magnetic field. The absorption coefficient for near infrared radiation of 
wavelength 765 nm incident on an n-type InAs sample with a carrier density of
2-Ox 1016cm-3 was found to be (2-5±0-25)xl05cm-1. This result shows that a 
large fraction of the photoexcited carriers are created within the region of the 
intrinsic surface accumulation layer. The emitted transient electric field has been 
simulated by assuming a model that includes a large contribution from coherent 
plasmon motion. This model has been shown to agree well with the observed 
electric field transients, and an extension to the work could include investigat­
ing the THz emission from GaAs p-i-n structures, where the form and direction
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of the internal electric field is better understood. Extensions to the model that 
could be included in the future involve taking into account any significant effects 
caused by a diffusion current in the surface region.
A maximum generated average power of ~30 fj,W was found for an n-type InAs 
sample with a carrier concentration of l-7 x l0 15 cm-3 at a sample temperature of 
10 K and a magnetic field strength of 6 T, with an incident near infrared average 
pump power of 1-2 W. This measurement could be repeated using a newly ac­
quired helium cooled silicon bolometer and across a greater range of samples, to 
determine whether the emitted average power does indeed decrease with increas­
ing carrier concentration. By using a bolometer, the problem of the dependence 
of the detection bandwidth of the receiver is overcome. Additionally, it would be 
advantageous to obtain more InAs samples over the range of carrier concentrar 
tions presented here. Particularly samples in the range of carrier concentrations 
that have bulk plasma oscillations in the frequency range encompassed by the 
detection bandwidth of the receiver.
An experiment that must be performed in the near future, so to better under­
stand the mechanisms involved in the generation of the THz radiation, is to vary 
the energy of the incident light from just below the band gap of InAs (~0-40 eV), 
to above the energy used in this study (~l-63eV). The free electron laser facility 
at FELIX in Holland is one such source of tunable radiation. By simply mea­
suring the emitted average power, even at zero magnetic field, in the p -polarised 
geometry, a great deal could be learnt about the generation mechanisms, and the 
role of the diffusion current can be examined.
It has been demonstrated that an InAs chip, illuminated by ultrafast near infrared 
pulses can be used as a source of coherent THz radiation for the purposes of
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FIR spectroscopy. This is the first reported use of InAs as a coherent source of 
radiation to investigate a separate material. The advantage of such a technique 
is that the optical beam and the THz radiation are self-aligning along the axis of 
the probing beam. Unfortunately, however, the time delay between near-infrared 
pulse, and the electrical THz transient cannot be varied very easily.
Finally, the magneto-optic Kerr effect has been measured in the time domain, and 
has been used to study small amplitude ferromagnetic resonance oscillations in 
different ferromagnetic thin films. The first reported observation of time resolved 
FMR oscillations from cobalt thin films has been presented, and the construc­
tion of the experimental system will allow other materials, such as manganese 
implanted GaAs or MnAs clusters embedded in GaAs, to be studied in a similar 
way. More investigation into the fabrication of a time resolved MOKE device for 
use with the ferromagnetic semiconductor materials needs to take place, so as to 
increase the production yield.
Initially an experiment in which the coherent control of the oscillations can be 
demonstrated, could be performed. In which two optical pulses, each incident on 
the photoswitch, but delayed in time relative to one another, could gate current 
pulses. The first of these current pulses would excite the oscillations, and the sec­
ond pulse would excite more oscillations which would be 180° out of phase relative 
to the first. Hence the small amplitude FMR oscillations could be controlled.
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